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PREFACE 

This dissertati0,n cansists of four separate sectio.rls: geueral 

in%rod:uctio.n and experimental sectio.n, and tklree separate par ts  each 

of  which contains a bibliography. Part  I deals with an assignment 

of the infrared absorpti0.n bands of m a l ~ n i c  acid t o  the fundamantal 

vibratio.na1 motinns of the molecule by use of a simplified symmetry 

a.pproach. Part  I1 deals with a study of the d.ouble decotl~positio.n 

reactio.ns between malanic acid and various a lka l i  halide ca l t s  used 

as the reacti0.n media. Part I11 presents kir,e,tic data obt%i.nod for  

the thermal decarboxy1atio.n of ma1o.ni.c acid. i n  KEr and. RbBr aud 

discusses the  significance of the activatio.n parameters obtained fron 

the  data, 
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I n t r  oduc t i 0 . n  

The or iginal  aim of th i s  research was a k i ~ e t i c  study of  the 

thermal decarboxylation of malonic acid it a lka l i  halide media. This 

was to  be effected by mixing malonic acid with the desired a l k a l i  

halide, pressing the resul tant  mixture into a pe1.96 t , heating t h e  

pe l l e t  fo r  given intervals of time and observing the amount o f  de- 

composition of the malonic acid 'by meam of changes in i t s  in f ra red  

spectrum. This proposed technique worked quite w e l l  i n  two of the 

a l k a l i  halide matrices studied, K R r  and RbBr, It: other a l k a l i  halide 

media the collection of useful kinetic data was iznpracticol. due t o  

int;e~.fering s ide reactions between malonic acid and the, chosen a l k a l i  

halide, One of these s ide reactions, a doub1.e decornpositiion :r.e%o.tiot.? 

between malonic acid and the a l k a l i  halide nlatrlh, occur~sd i;o sorne 

extant i n  a l l  of the s a l t s  used although 5.c Kl .3~  ar-d RbB.r tkft sxLant 

sf occurrence was small enough t o  be ir?sigr~Sicar?l,  The other side 

reaction, tentat ively Labelled so l id  solution formation, was f o ~ c d  t o  

occur only i n  C s C l  and anhydrous NaBr, 

The following experimental procedures were, i n  general ,  used 

throughout t h i s  research, Certain specif ic  experinental procsd~ilres 

w i l l  be ci ted i n  the separate parts of th i s  d t s s e r t a t i o ~ ,  



Sources of Materials 

Malonic acid, obtained from K and K Laboratories, Inc . , Plain- 

view, New York, was recrystall ized from acetone a t  low temperatures 

(dryice-acetone or ice-water) and the resul tant  crystals  f i l t e r e d  from s o h -  

tion,dried, and ground to a fine powder i n  an agate mortar. This 

c rys ta l l ine  product was shown by t i t r a t i o n  w i t h  NaOH t o  be 99.$ 

malonic acid. Prior to  incorporation i n  a lka l i  halide pe l le t s ,  the 

f inely ground. malonic acid. was placed. under reduced pressure for 

several hours a t  room temperature. 

Deuterated malonic acid. was used as received from Strohler 

Isotopib . Chemicals, P. 0,  Box 1134, Montreal 3, Canad.a. Although 

advertised. as 99$ pure malonic acid-d.&, the product contained. malonic 

acid-h as evidenced by i ts  infrared absorption spectyurn which showed 
4 

bands due t o  malonic acid-h4,, The deuterated product a l so  contained 

D 0 according t o  i t s  infrared spectrum. 
2 

Alkali ha1id.e~ from three different sources were used., A por- 

t ion of a l l  of the s a l t s  used was obtained from Brinkman Instrume.nts, 

Inc, Cantiague Road, Westbury, Lo I , ,  N o  Yo These s a l t s  were manu- 

factured by E. G, Merck, Ago, Darmstadt ( ~ e m n a n ~ )  under the trade 

labels l'Suprapur" or "Ul'erapur", Some of the KBr and C s I  s a l t s  were 

obtained from Harshaw Chemicals Coo , Cleveland., Ohio, 44106, A t  times 

Fisher Reagent Grade s a l t s  were also used, The experiments performed 

using various brands of s a l t s  exhibited no dependence upon the 

particular brand. used., 



The KOH used i n  the  preparation of ml.on.1~ acid s a l t s  was 

obtained from Fisher Sc i en t i f i c  Company, Fairlawn, N. J , ,  and was 

used as received. 

I n s  tmments 

Most of the  spect ra  used i n  t h i s  research were obtained by 

means of a Perkin-Elmer Model 21 in f ra red  spectrophotor~etsr  equipped 

with NaCl op t ics  or by means of a Beckman Model lX-12 gratifig in f ra red  

spectrophotometer. The ca l ib ra t ion  of t h e  two instruments was checked 

per iod ica l ly  by scanning the  polystyrene s p e c t m  or  by scanning the  

s i ng l e  beam background spectrum. The absorption frequencies recorded. 

from the  prism instrument a r e  accurate t o  + lK* i n  t h e  2000-640 K 

region, and t o  - + 5 K  i n  t h e  4000-2000 K region. The absorption f r e -  

quencies of the  grating instrument have an uncer ta inty  of 2 0.25 K 

from 2000-200 K and an uncer ta inty  of - + 0.5 K from 4000-2000 K. 

P e l l e t  Preparation 

Two d i f f e r e n t  p e l l e t  d ies  were used. Oae was a Perkin-Elmel- 

13 mm c i r c u l a r  d i e ;  the  other was a be char^ 12 x 2 rectangul.ar 

d i e ,  Both were evacuated i n  the  p e l l e t  pressing procedure and gauge 

pressures of 20,000 t o  30,000 pounds per square inch were used i n  

forming t h e  p e l l e t s .  No di f ferences  i n  t h s  behaviors of t h e  pro- 

ducts from the  two p e l l e t  d ies  were noted; tlefice, i n  the r o ~ L e r i a L  

*Throughout t h i s  d i s s e r t a t i on ,  a11 frsqusneies will be gi-ven 
i n  Kayser (K) un i t s  (1K = 1 cm-I). 



which follows, no dis t inct ion w i l l  be mads between t h e  two  types of 

pe l le t s  used. 

A standard procedure was used i n  the pressing of the pe l le t s .  

I n  the case of pel le ts  pressed from pre-dried sa l t s ,  the die  was 

f i l l e d  i n  a dry box and transferred t o  the  hydraulic presse The 

s a l t s  which were used as received were placed i n  the die  i n  a 

canstant humidity (approximately 40$ r e l ,  ) room, The die  was then 

placed under enough pressure to  s e a l  the rubber-metal contacts and. 

evacuated. After a few minutes of evacuation, the die was then 

placed under i t s  recommended operating pressure and allowed t o  re- 

main under pressure f o r  a few minutes. The pressure on the die was 

then reduced and the die  evacuated for  a few nors minutes. The die  

was again placed under i t s  operating pressure. Finally, dry a i r  

was used i n  bringing the pressure inside the d ie  back to  atmospheric 

pressure. The pressure or? the die  was then released and the d ie  re- 

moved from the press. 

The s a l t s  used i n  the pressing of the pe l le t s  were ei ther  used 

as received or dried i n  the following manner. The co~lrmercial s a l t  was 

ground t o  a very fine powder i n  an agate mortar. Th i s  f i ~ e  powder 

was then placed i n  a f lask under reduced pressure (approximately .01 

t o r r )  and held approximately 250' fo r  several days. The f lask  was 

then f i l l e d  with dry a i r  and sealed off w i t h  a stopcocke 

Two different  methods of mixing the companents f o ~ .  a p o l l e t  

were  used. For pusposes of l a t e r  reference these two procedwes w i l l  

be assigned nwbers and desc~ibed separately, 



5 

Procedure 1: -- This was t h e  r o u t i n e  procedure used i n  t h e  

p repa ra t ion  of t h e  p e l l e t  mixtures  f o r  u se  i n  t h e  k i n e t i c  s tudy  of t h e  

thermal  d e c a r b o q l a t i o n  r e a c t i o n ,  Weighed amounts of  pre-ground and 

d r i ed  a l k a l i  h a l i d e  and malonic a c i d  were placed i n  a 500 r d  f l a s k  i n  

a dry box. A l a r g e  magnetic s t i r r e r  b a r  was then  p l aced  i n  t h e  f l a s k ,  

t h e  f l a s k  s toppered,  removed from t h e  dry box, p laced  on a r o t a r y  

evapora tor  and sea l ed  o f f  from t h e  atmosphere. The r o t a r y  evapora tor  

was than s t a r t e d  and a magnetic s t i r r e r  n?otor p laced  beneath the  

r o t a t i n g  f l a s k .  During t h e  mixing which followed, t h e  axes of r o t a t i o n  

of t h e  magnetic s t i r r e r  b a r  and of t h e  ro ta t i f ig  f l a s k  were approximate- 

l y  perpendicular  t o  each o the r ,  This c r ea t ed  a dou.ble s t i r r i n g  motion 

f o r  mixing of t h e  two components. Af t e r  about 2 hours of vigorous 

mixing, t h e  f l a s k  was removed from t h e  r o t a r y  evapora tor  and stoppered, 

P e l l e t s  were pressed  a s  needed from t h e  r e s u l t i ~ g  mixture.  

Procedure 1 provided a means of d i spe r s ing  t h e  malonic ac id  

i n  t h e  a l k a l i  h a l i d e  sa l t  wi thout  t h e  poss ib ly  harmful s i d e  e f f e c t s  

of mixing by gr3inding. 

Procedure 11: -- This method of midfig t h e  companeuts cons is t -  

ed  of p l ac ing  weighed amounts of pre-ground. mmteA.als i n  an a g a t e  

mortar  and mixing by l i g h t  gr inding  ac t ion  us ing  a n  agate* p e s t l e .  



PART I 

Assignment of the  Infrared. Absorpti0.n Band.s i n  Crysta l l ine  

Malo.nic Acid, 

Upon heating a malonic acid-alkali  halide pressed p e l l e t  a t  

approximately loo0, changes take place i n  i t s  infrared spectrum, These 

changes involve the  disappearance of some absorption bands and t h e  

appearance of other bands. Comparable changes i n  the  in f ra red  

spectrum have been ascribed1 t o  the  change of malonic acid. from t h e b  

t o  t he  CX phase, shorn by d i f f e r e n t i a l  thermal analysis ,2  t o  occur 

a t  approximately 1 3 0 ~ .  The temperature of the  phase change as  deter-  

mined by d i f f e r e n t i a l  thermal analysis  i s  probably about 25' too high 

s ince  t he  temperature of fusion, determined by standard melting point  

technique t o  be 134-136' C, i s  shown by d i f f e r e n t i a l  thermal analysis  

t o  be 160' C ,  A t  present no information i s  avai lable  concerning the  

rearrangements of atomic posit ions i n  t he  s o l i d  taking place during 

the  p t o  C( phase change. This lack of information concerning t h e  

phase change i s  probably due to the  f a c t  t h a t  malonic acid  begins t o  

decarboxylate a t  the  temperature required t o  bring about the  phase 

change, 

. As w i l l  be shown i n  Par t  11, the  changes i n  the  infrared 

1 
spactmm at t r ibuted by h a k a s u  and I t6  t o  t h e  8 t o s  phase change 

a r e  more l i k e l y  due t o  the  occurrence of a double-decomposition reac- 

t ion between malonic acid and t h e  a l k a l i  halide used, 



In  ord.er t o  und.erstand. be t t e r  some of the  changes taking place 

i n  the  infrared. spectrum of malonic acid upon heating t he  compound, 

a complete assignment of the  in f ra red  absorption bands of c ry s t a l l i ne  

malonic acid  was undertaken, 

The e a r l i e s t  reference found t o  the v ibra t i ana l  spectrum of 

malonic ac id  was a presentation of the  Raman sca t te r ing  frequencies. 3 

A more recent Raman spectrum of malonic acid was reported by 

4 
Ananthanarayanan. These Raman spectra  were obtained from solutions 

of H 0 saturated. with malonic acid. (approximately 1.10% malo.nic acid by 
2 

weight), The infrared spectrum of malonfc acid. from MOO t o  600 K was 

reported5 ' i n  1940, along with an accompanying p a r t i a l  band assignment. 

The mos t t1:orough infrared absorpti0.n band assignment was o.ne reported 

by Schmelz e t  a l b 7  Schmelz e t  a l .  a l so  included. the  assignments f o r  

malonic acid-d i n  t h e i r  work. More recent reports1' subs tan t ia te  
4 

t h e  work of Schmelzo No repor ts  dealing with the  f a r  in f ra red  spectrum 

of malonic acid have been found. 

Before attempting t o  assign infrared. absorpti0.n frequencies t o  

t he  vibrat ional  motio.ns of , a  molecule i n  a c r y s t a l ,  informatian i s  

needed concerning the  s tsucture  of the  molecule as a s ing le  un i t  and 

a l so  t h e  s t ruc ture  of the  c r y s t a l  composed of these  molecules, An 

X-ray c r y s t a l  s t ructure  determinationY shows malonic acid. t o  consis t  

of long chains of molecules bound together by hydrogen bonded cyclic 

c a r b o q l i c  acid dimsr u n i t s o  This s t ruc ture  i s  depicted i n  Figure 1-1, 

The dimer cha in  s t ructure  depicted i n  Figure 1-1, f o r  c ry s t a l l i ne  P- 
malonic acid means t ha t  t he  planes passing through t h e  acid dimer 





units  a t  each and of the molecule are  almost perpendicular to  each 

other, 

Method of Obtaining the Spectmr of Subltimed Malonic Acjd 

Ma10,nic acid was placed i n  a 5 cm gas c e l l  f i t t e d  with KBr 

windows. The gas c e l l  was then wrapped with heating tape and the 

temperature raised to approximately 100' while the pressure i n  the 

gas c e l l  was reduced t o  approximately 0.5 tor r .  Since the large windows 

of the gas c e l l  were cooler than the body of the c e l l ,  the malonic 

acid sublimed onto the s a l t  windows. One of the windows was then re- 

moved, placed i n  an infrared spectrophotometer, and the spectrum 

recorded from 4000 t o  approximately 400 K,  the cut-off l i m i t  of KBr, 

Method of Obtaining the Infrared Spectrum of Ma1o.ni.c Acid. a t  

Low Temperature 

A low temperature c e l l  of canven t iona l  designlo was oo,nstructed.. 

Since the c e l l  i s  evacuated dwi.ng use, the windows are  held En place 

by the force ~f atmospheric pressure pushing against a s e t  of O-rings. 

The outer jacket of the c e l l  was aocased En a f ibe r  glass insulating 

jacket. 

Ground mlonic acid was mixed with t h e  mull ing agent ( ~ u j s l  OF 

halocarbon) by grinding i n  an agate mortar, and the iuhfrcz-red s p e c t m  

recorded of the mixture placed between s a l t  plates ,  



Solutians of malo.nie acid i n  aseto.ne, ether and gyridine were 

prepared and the spectrum record.eid, i n  aeLh of thickness of O e l  mm, 

1-3 : Results and Discussinn 

When using the a lka l i  halide pressed pe l l e t  "c;cch,nique of obtain- 

ing infrared spectra, it was found. tha t ,  w i t h  the exceptinn of cesl.um 

chloride and anhy&ous sodium bromide, the i n i t i a l  specrtra of crystal-  

l i n e  malaniu auid ware idsentical i n  appearance regardless of the s a l t s  

used as plbt maLerials, The f a a t  t ha t  the frequencies of a'bsorp- 

t ian  were e~ssn"e;fau invariant .ups& ahcarage s f  sa l t8  ind,isates tha t  

the a f f e a t  of the s a l t  ma%~iueg upwn the Lntennal b~nding  o f  ma%ania 

said i~ ,neqPigibPe. Bsoa'aras o f  th$c $n~ua&ab$3L.t;;y. s f  thta ~p%s"tmrn of 

mcalanie o o a  f ~ s n  1381% t o  s & l t p  rand s%naa the ms%J,3, a p c t r a  of mPntaic3 

paid, were idantfoal %o the elkabi hgsL&dewnaaLar~k ad%$ ~ J ' B I B ~ S ~  pef%et 

~ipeutra,  t h e  ~peuLra recorded, >~xe&ng %he plcleaesd ps%labt; teak,ua$qus ws~s 

used i n  t h i s  work %s obtain the f~squanules  f o p  assignmant t o  otomio 

moti~nca in malanie said* 

The subl-lsnati~n teohnique s f  obtaining infrared, a p a ~ l r a  o f  

sol ids  provide ra possible ckieuk an the .iraXidiw of' s p e c t ~ a  obtdnsd. by 

other means, Although the s~b l ima t iQh  of a pure so l id  an to  s a l t  

windows can introduce complicotians i n  the inf raz*sc%, specha  due t o  

orlentatian effects  i n  the solid,, the mthod does g i v e  a specstm of 

t h e  ~ s r e  so l id  uncluttered by sol.venl bands, Sn tks case of' mlaniz: 

acid ,  t h e  speet of t h e  s u b l h a t e  is nearly Ldenkical t o  t h e  speotrm 



of malonic acid obtained with the KBr pressed pe l l e t twbn ique ,  The 

differences i n  the spectra obtained by the two methods are  differences 

i n  r e l a t ive  in tens i t ies ,  The f a c t  t ha t  the two spectra are  nearly 

ident ica l  adds credence t o  the postulate tha t  the malonic acid spectra 

obtained by the pressed pe l le t  technique are  val id  fo r  use i n  the 

spec t ra l  band assignments. 

Solution spectra of malonic acid are,  i n  t h i s  case, of w r g i n a l  

value since solutions of the acid do not have the r i g i d  s t ructure of 

the solid.  

The infrared spectrum of malonic acid i s  shown i n  Figure 1-2, 

Since the malonic acid molecule i n  the c rys ta l l ine  s t a t e  has Cs 

symmetry, L.2. , no symmetry, it should exhibit 3N-6, or 27 infrared 

active fundamentalmotions. As has bean previously mentioned, an 

X-ray c rys t a l  structure determination9 has shown crys ta l l ine  p-malonic 

acid t o  cansis t  of long chains of molecules bound together i n  a  head t o  

t a i l  arrangement by the cyclic carboxylic acid dimer units.  Thus, 

c rys ta l l ine  malonic acid i s  actua3:ly composed of chains of acid dimer 

units a l ternat ing with CH2 groups. 

It must be emphasized tha t  the only rigorous method of treating 

the band assignment of malonic acid is  a  consideration of the c rys t a l  

uni t  c e l l  as a  whole and, consequently, of the motions of the  atoms 

i n  t h i s  uni t  c e l l ,  This method i s  quite cumbersome and very involved, 

consequently it was abandoned i n  favor of the simplified divided 

symmetry treatment described below. 

For the spectral  assignments i n  t h i s  work, malonic acid i s  

considered t o  consist of two separate symmetry units.  One of these 







units ,  the cyclic carboxylic acid. dimer uni t ,  has the s t ructure shown 

i n  Figure 1-3. This eight atom planar ring possesses C symmetry. 2h. 

The other uni t  i s  e i ther  a 3-car'b~~n-2 hydrogen ske le ta l  uni t  with the  

structure depicted i n  Figure 1-4 or the CH group alQne. Both the 
2 

C H uni t  and the CH units should possess C symmetry. 
3 2 2 2v 

Considering f i r s t  the dimer uni t ,  t h i s  8 atom ring should. possess 18 

fund.amenta1 vibratio.na1 motians, Of these 18 motions, group theory pre- 

d.icts 9. t o  be infrared. active and 9 t o  he Raman active,  Of the 9 

infrared. active fundamentals, 3 are  of Au symmetry species and 6 a re  of 

the B symmetry species. Of the 9 Ramin active fund.amentals, 6 a re  of u 

the A symmetry species and 3 are of the B symmetry species. Since the 
g g 

CZh point group possess a canter of symmetry, the mutual exc1usio.n 

principle of Raman and. infrared activi-ty i s  applicable, The 18 funda- 

mental vi 'bratianal motions ore diagramed in Figure 1-5 as  approximate 

atomic displacements. The figures depicted were derived'an a qual i ta t ive 

basis i n  order t o  produce motio.ns of the desired symmetry species, The 

symmetry species of each of the motio.r~s a re  also indicated. o.n Figure 

1-5. 

Cs.nsid.ering .now the 3 caLdb0.n-2 hydrogen skeletal  uni t ,  it can 

be shorn tha t  9 vibrat ianal  fund.amanta1s ape to be expected f o r  th i s  

uni t .  From these 9 fundamentals helo,ngi-i~ to  a uni t  of CZv symmetry, 

group theory pred.icts 8 infrared active motions and. 9 Raman active 

motio.ns . The diagram of these fundamental vibratio.na1 mo tio.ns as 

approximate atomic displaceanants are  shomn i n  Figure 1-6 along wtth the 
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corresponding symmetry spec i e s  of  each moti0.n. The motio,ns of t h e  \, 

Bl and B symmetry spec i e s  ape i n f r a r e d  a c t i v e ,  while t h e  motio.ns of 
2 

all of t h e  indicated.  symmetry spec i e s  a r e  Raman a c t i v e .  

Combining t h e  .number of v ibra t io .na1  fund.ame.ntals expected f o r  

t h e  c y c l i c  d . b r  u n i t  wi th  t hose  expected f o r  t h e  C H group g ives  3 2 
a t o t a l  of 27 fund.ame.nta1 v ibra t io .na1  motio.ns. The f a c t  t h a t  t h i s  

number of fundamentals i s  t h e  same a s  tha+ p red ic t ed  from a ~9.m- 

s idera t i0 .n  of degrees of freedom of t h e  eleven atom malanic acid mole- 

c u l e s  is  due to t h e  u s e  of two of t h e  carbon atoms i n  both t h e  dimer 

u n i t  and t h e  s k e l e t a l  u n i t ,  

Another method of co.ns f dering t h e  fund.amanta1 band assignment 

problem i n  malanic acid. involves  t h e  u s e  of t h e  carboxyl ic  a c i d  dimer 

u n i t  alo.ng with t h e  CH group, I n  t h i s  method t h e  assignments f o r  
2 

t h e  ac id  dimer u n i t  remain t h e  same, 

The 3 atom CH2 group should have 3 fundamental vibr .a t iona1 

motions and should belong t o  t h e  C po in t  group, The v i b r a t i o n a l  2v 

fundame.ntals a r e  diagrammed i n  F igure  1-7, a s  approximate atomic 

displaceme.ntso Alo.ng wi th  t h e  t h r e e  vibra%io.nal fundeunantals, t h e  

3 t r m s l a t i o . n a 1  and 3 rotakio.nal  d.egrses of freedom a r e  a l s o  shaw.n. 

This  method o f  assignment involves  t h e  p o s t u l a t e  t h a t  t h e  t r a n s l a -  

t i a n a l  and rotations% motians f o r  t h e  CH group can a l s o  be  ass igned  
2 

f requencies  when 'chis group i s  a t t ached  ts t h e  rest of t h e  moleculeo 

For  i n s t ance ,  t h e  CH t r a n s l a t i o n  i n  t h e  x-directi0.n involves  approxi- 
2 

mately t h e  same atomic displaceman% as t h e s e  involved i n  %he C H 3 2 

symmetric carbon-carbon s t r e t c h i n g  motian, Using t h e  same ~ e a s ~ n i n g  





t h e  CH t r a n s l a t i a n  i n  t h e  y-d i rec t ion  can be considered a s  t h e  
2 

asymmetric s t r e t o h i n g  motion of t h e  t h r e e  carbon ske le to~n.  The CH2 

t r a n s l a t i o n  i n  t h e  x - d i r e c t i ~ n  would produce a motian analogous t o  a 

wagging of t h e  t h r e e  carb0.n ske1eto.n. 

The same type  of t rea tment  can be  applied. t o  t h e  rotat i ,onizl  

motions of t h e  CH2 u n i t s .  The r o t a t i o n s  of  t h e  CH2 urdt  arvirnd t h e  

x, y, and z-axes involve approximately t h e  same aton&@ motions a s  t hose  

produced by t h e  CH2 rock,  wag, and twist, r e spec t ive ly .  The two CH2 

s t r e t c h i n g  motions and. one CH deformation motion remain a s  before .  
2 

The use  of t h e  CH group r a t h e r  than  t h e  C H group in t roduces  
2 3 2 

no changes i n  t h e  i n f r a r e d  and Raman a c t i v i t y .  

The absorp t ion  band assignments f o r  -malo~nic ac id  (h4 and d4) 

a r e  shown i n  Table 1-1, The r a t i o  of t h e  frequency of a motion inc luding  

a hydrogen, t o  t h e  frequency t h e  same motio.n i.nvolvfng a d.euter4a.m pro- 

v i d e s  a check upon t h e  v a l i d i t y  of t h e  assignme:r?t of a f requency,  This 

r a t i o  should b e  approximately 1,3 f o r  motions involv ing  a. carboo and 

a hydrogen, The r a t i o s  of t h e s e  motions a r e  shown i n  Table 1-1 wherever 

app l i cab le .  

The Raman d a t a  shown i n  Table 1-1 trere obtained us ing  a C a ~ y  Mode1 

81 Laser  Raman Spectropbotorneter through the cou r t e sy  of  3 ,  kJ, l3~asc.h a t  

t h e  Center  f o r  Mater ia l s  Research, Univers i ty  of Waryland. It can be 

seen t h a t  t h e  Raman and i n f r a r e d  f requencies  ag ree  q u i t e  w e l l  w i th  t h e  

excepti0.n of t h e  band involv ing  t h e  coupled 0-H deforna t ion  I- C-0 s"crebc11 

+ C=O s t r e t c h ,  

Table 2-1 s\~o%s four bands unassigned, O f  these four  baads, all .  

are e i t h e r  shoulders  on more i n t e n s e  bands or a r e  of low absorp t ion ,  



TABLE 1-1 

Assignments of Observed I n f r a r e d  and Raman. Absorption Frequencies f o r  Malo.nic Acid (d. and h ) 
4 4 

H C O  I n f r a r e d  (K) R a t i o  R m n  (K) 
4 3 4  D4c304 H/D H4c3 O4 Assignment 

3000 

Inaet 

2 970 

2 920 

Inact 

Inact  

1740 

1710 

1440 

Inact 

1420 

llc00 

1360 

1310 

1289 

1260 

2270 

Inac  t 

2180 

2180 

Inac  t 

I n a c t  

1740 

1700 

1100 

I n a e t  

1049 

---- 

29 93 

Inac  t 

2952 

16 85 

1660 

I n a c t  

I n a c t  

I n a e t  

7 

1b25 

1404 

0-H----0 Assignment S t r e t c h  

0-H----0 Symmetric S t r e t c h  

CH Asymmetric S t r e t c h  

CH Symmetric S t r e t c h  

C=O S t r e t c h  + C-0 S t r e t c h  

C=O S t r e t c h  + C-0 S t r e t c h  

C=O S t r e t c h  + C-0 S t r e t c h  

C=O S t r e t c h  + C-0 S t r e t c h  

0-H Defomnatio,n + CO + C=O 

0-H Deformation ? CO + C=O 

CH2 
Deformation 

U.nas s ign  ed 

?J.nassigned 

C-0 S t r e t c h  -I- C=O S t r e t c h  + OH 

CH2 %is t 

Vriassigned 



TABLE 1-1 ( ~ o . n t ~ n u e d )  

Assignments of Observed Inf r u e d  and Raman Absorpti0.n Frequencies f o r  Malonic Acid. (d and h4) 4 

A s s  ignme.nt 

1.19 1253 CH 3 wag 

---- 1180 C-C-C Asymmktric S t re tch  

---- 960 C-C-C Symmetric S t r e t c h  

1.25 I n a c t  O-H----0 Deformatio.n Asymmetric 

Inae t  I n a c t  ---- 939 C-H----0 Deformatian Symmetric 

920 670 1.37 922 CH2 Rock 

902 ---- ---- 907 U.nas signed 

771 790 

I n  ac t Inac t 

656 600 

I ~ a c t  I n a c t  

---- Inac t  0-C=0 Asymmetric I n  - Plane Defamation 

---- 766 0-C=O Symmetric In - Plane Defomnation 

---- Inac t O-C=O S p e t r i c  Rock 

-- - - 642 O-C=O Asymmmtrie Rock 

---- Inae t  O-C=O Symmetric Wag 

---- 602 O-C=O Asyzmnstric Wag 

---- I n a c t  O-C=O Asymmetric Twist 

---- 580 O-C=O Symmetric N s + u  

-- - - ---- C-C-C Deformai5o.n 

---- ---- S k e l e t a l  Twist 



These bands a r e  probably overtone o r  combination bands. No a t tempt  

was made t o  g ive  these  bands overtone or  combination hand assignments 

There is  a band a t  429 K which has been a s s igned  t o  a s k e l e t a l  

t,wisting motion. A band i n  t h e  Raman spectrum of a 40% II 0 solut, ion 
2 

4 o f  malonic ac id  was a l s o  ass igned  t o  t h e  same motion. This motion 

can a l s o  be ass igned  on the  b a s i s  of t h e  divided. symnetry t reatment .  The 

atomic displacements  involved. i n  t h i s  t w i s t i n g  m0tio.n are approximately 

t h e  same a s  t h o s e  involved i n  a r o t a t i o n  of t h e  3 carbon 2-hydrogen 

framework about  t h e  z-axis.  This motion is of t h e  A syrtmetry specf e s ,  
2 

however, and should be  i n f r a r e d  i n a c t i v e ,  

A band a t  1280 K has been ass igned  t o  t h e  CH2 t w i s t i n g  motiah. 

This motion i s  of t h e  A symmetry spec i e s  and should., t h e r e f o r e ,  be 
2 

i n f r a r e d  inac t ive .  However, due t o  t h e  unsymmetrical na tu re  of t h e  

c r y s t a l l i n e  malo.nic acid molecule a s  a ,un i t ,  t h i s  motion could become 

i n f r a r e d  a c t i v e .  

F igure  1-2 shows t h a t  t h e  C-0 s t r e t c h i n g  frequency ( t h e  stro.ng 

absorp t ion  band between 1700 R and 1750 K )  is ssplkt i t l t o  a doublet .  

This s p l i t t i n g  i s  probably due t o  coupl i r~g  betwean t h e  two carbony1 

groups a t  each end of t h e  molecule,  This axplarAation s f  t h e  s p l i t t i n g  

is  s u b s t a n t i a t e d  by t h e  f a c t  t h a t  oxa l i c  ac id  also shows t h e  s p l i t t i n g  

while  d.icarboxylic acid.s w i th  more than one c a ~ b o n  between t h e  carbo.ny1 

groups do .not show t h e  s p l i t t i n g ,  This s p l i t t i n g  has a l s o  bee.n observed 
11 

i n  t h e  case  of d i e t h y l m a l o n a t e .  

Due t o  t h e  broad d i f f u s e  na tu re  of  t h e  i n f r a r e d  absorp t iou  bard  

a r i s i n g  from t h e  0-H s t r e t c h i n g  motion occurr ing  a t  appro&malely 3000 M 

a l l  o t h e r  bands occurr ing i n  t h i s  reg ion  are obscured, The f requencies  



l i s t e d  i n  Table 1-1 f o r  t h e  CH symmetric and asymmetric s t r e t c h e s  a r e  

taken from t h e  spectrum of dipotassium malonate hydrate  ( ~ i g u r e  11-13 ) . 
Although t h e  f requencies  of absorp t ion  a r e  s l i g h t l y  s h i f t e d  from one 

molecule t o  ano the r  it i s  u s e f u l  t h a t  bands which can be  assigned t o  t h e  

symmetric and asymmetric CH s t r e t c h e s  a r e  observed i n  t h e  spectrum of 

dipotassium malonate-hydrate. 

Comparison of t h e  s p e c t r a  of malonic a c i d  obta ined  a t  low tampera- 

t u r e  w i th  those  obta ined  a t  room temperature shows no s i g n i f i c a n t  d i f f e r -  

ence between t h e  spec t ra .  The i n f r a r e d  absorp t ion  bands a r e  much sha rpe r  

i n  t h e  spectrum of malonic ac id  a t  low temperature.  The spectrum of 

malonic a c i d  a t  low temperature showed two e x t r a  bands i n  t h e  1400 K reg ion  

and two e x t r a  bands i n  t h e  900-1000 K region.  However, t hose  bands 

were of low absorbances and a r e  no t  included i n  t h e  s p e c t r a l  assignment 

due t o  t h e  l a c k  of informatian concerning t h e  low temperature phase be- 

havior of malonic ac id .  

I n  conclusion,  it can be  s t a t e d  t h a t  t h e  divided symmetry t r e a t -  

ment enabled t h e  assignment of absorp t ion  f requencies  t o  molecular motions 

i n  more complicated molecules wi th  more ease  than  o the r  methods. It 

should b e  po in t ed  out ,  however, t h a t  t h e  method is  f a r  from r igorous  

and has ea se  of  u s e  a s  i t s  major v i r t u e .  The method, i n  t h i s  ca se ,  

r e l i e v e s  t h e  r e sea rche r  from t h e  t a s k  of diagramming t h e  27 fundamentals 

of an eleven atom molecule of C symmetry avld rep laces  it wi th  t h e  u s e  
s 

of two u n i t s  of h igher  symmetry. 
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PART I1 

A Study of the Reactions of Malonic Acid W i t h  Various Alkali Halide 
Matrices 

11-1 : Introduction and Literature Survey 

The a l k a l i  ha1id.e pressed. pe l l e t  tech.nique has been used extensive- 

l y  for  years as a canveniant method. of obtaining the  infrared spectrum of 

a solid. material. When th is  technique was f i r s t  introd.uced.lq2 a number of 

investigations were und.ertaken t o  study changes i n  the infrared spectrum of 

a solid. brought about by grinding of the solid. with an a l k a l i  halide and 

also t o  discover what changes, i f  any, i n  the infrared. spectrum were 

caused by the high pressures used i n  the pressing of the pel le ts .  The re- 

s u l t s  of these investigati0.n~ suggested. cauti0.n when obtaining infrared. 

spectra by th is  technique. 
r 

Amakas; and 1t03" have dea l t  with double decompositio.n reactions 

involving organic acids and the a l k a l i  halide pe l l e t  materials used i n  

pressing the pe l le t s .  These d.ouble decomposition reactio.ns resulted i n  

the formatian of the s a l t  of the acid. 

A possible reacti0.n i s  as follows s 

RCOOH + M'X- 
+ 

M+ RCOO- + H + X- 

+ 
where M = a l k a l i  metal ian 

X- = halide ian. 

W d i rec t  depwdance of the double decomposition reactian upon the 

amount of water present i n  the pe l l e t  a e t e r i a l  was noted.' For instance, 



when oxalic acid was ground with KBr i n  a, constant humidity (4.6 

rela t ive  humidity) room and pressed into a pe l le t ,  the acid. und.erwant 

double decompositio.n with KBr, resulting i n  the formati0.n of dipotassium 

~ x a l a t e .  On the  other hand, when oxalic acid. was ground. with KBr i n  

a dry box and. pressed in to  a pe l l e t  the spectra shuwed tha t  no double 

decompositio.n reactian had. oc curred.. 

I n  the present work the findings of Amakasu and  to^^^ have 

been pa r t i a l ly  substantiated i n  regard to  double decompositio.n reac- 

tio.ns, No d i r ec t  correlatian was established. between the amount of 

moisture i n  the  pe l le t s  and the occurrence of a double decompositian 

reacti0.n. 

When anhyd.rous NaBr was ground with malo.nic acid. and. pressed. 

into a pe l l e t ,  the infrared spectrum was not the spectrum of p-malonic 

acid. as obtained by mull technique. I f  NaBr was used as received. as the 

suspensio,n matrix, the resultant spectrum matched. the spectrum of P- 
ma1o.ni.c acid obtained by the mull technique. These 0bservatio.n~ 

would. tend to indicate a d.irect corre1atio.n between the amount of 

water present i n  the pe l le t  and the appearance of the infrared. spectrum 

obtained f o r  malo.nic acid i n  the pel le t .  Such a corre1atio.n could. .not be 

verified, hawever. I n  the case of C s G l  an anonlalous behavior occurred 

both i n  anhydrous (as received.) CsCl and i n  C s C l  t o  which H 0 had. been 
2 

intentio,nally added. 

Actually, malo.nic acid. tJas found to  exhibit the following three 

d i f fe rent  types of behavior i n  the s a l t s  used i n  t h i s  work, 



Reaction I: "n70rmal" d e c a r b ~ x y l a t i ~ n  (&SP thermal decarbolhy-la- 

t ion  of malo.nic acid t o  acet ic  acid and carbon diox5de) 

followed by exchange of the prot0.n of acet ic  acid w i t h  

the matrix catio.n, f oming the correspo.ndi.ng acetate s a l t .  

Reacti0.n 11: A ser ies  of double decompositio.n r e a ~ t i o n s  i n -  

volving successive exchanges of proto.ns and the a l k a l i  

metal cati0.n. This ser ies  i s  terminated. with the forma- 

t i a n  of anhydrous dipotassium malo.nate. 

Reac t i an  111: Anomalous behavior occurring during grinding 

and/or pressing of the pel le ts .  This reacti0.n occurs 

only i n  C s C l  and anhydrous NaBr. Unlike Reactions I and 

11, t h i s  ~eact i0 .n requires .no heating for  occurrance. 

The extant and .nature of these reactions w i l l  be discussed more 

extensively l a t e r ,  

11-2 : Results and Discussio~n 

The f i r s t  of the three types of behavior tha t  ma1o.ni.c acid. 

exhibits when suspended i n  a lka l i  halide matrices, i s  i l l u s t r a t e d  by 

the spectra shown i n  Figures 11-1 through 11-3, Figure 11-1 shows the 

spectrum of an i n i t i a l  unheated pe l l e t  of KBr co,fitaining malahic acid. 

This spectrum i s  ident ica l  t o  the i n i t i a l  spectra obtained i n  all of 

the s a l t s  studied i n  the work except i n  CsCl and i n  anhydrous NaBr. 

The f i r s t  change occurring i n  the infrared spectrum of the pe l l e t  upon 

heating a KBr-mlonic acid pe l l e t  i s  evident by compaxafng Figure  11-1 w i t h  









Figure 11-2, Although the  changes i n  the  spectrum a re  sub t le ,  they are ,  

nevertheless, r ea l .  These changes a re  not wel l  understood a t  t h i s  

time. The second change i s  a gradual disappearance of the  major 

absorption bands due t o  the decarboxylation of t he  malonic acid. The 

ace t ic  acid  i s  p a r t i a l l y  vaporized a t  the  temperature used (158') and, 

upon diffusing out of the  p e l l e t ,  produces a noticeable odor of ace t ic  

acid  i n  t he  reaction tubes, Production of CO can be ve r i f i ed  by the  
2 

appearance of an infrared absorption band a t  2360 (K) which i s  due t o  

t he  asymmetric O=C=O stretching motion, Figure 11-3 shows t h e  in f ra red  

spectrum of a KBr p e l l e t  a f t e r  thermal decarboxylation of t h e  malonic acid 

contained i n  t he  p e l l e t  has taken place. The major bands observed i n  

the  spectrum of the  p e l l e t  a r e  due t o  t he  ace ta te  ion,  a small amount of 

which forms by way of a double decomposition reaction between ace t i c  acid 

and the  KBr matrix material ,  The other products of t h e  double decomposi- 

+ 
t i on  reaction (H and BE- ions i n  t h i s  case) a r e  not observed i n  t h e  

pe l l e t s ,  Some possXb1e reasonsfor  not observing t h i s  product w i l l  be 

discussed l a t e r ,  

The second type of behavior observed during application of heat  

t o  a l k a l i  halide-malonic acid p e l l e t s ,  i s  be s t  i l l u s t r a t e d  by the  KC1- 

malonic acid systsnz, The spectra  shown i n  Figures 11-4 through 11-8 de- 

p i c t  the  changes which occur i n  t h i s  system upon application of heat ,  

Figure 11-4 showns t he  i n i t i a l  infrared spectrum of malonic acid suspended 

i n  a K C 1  matrix. I% can be seen t h a t F i g u r e  11-1 and 11-4 are  n e a ~ l y  

iden t ica l ,  Figure 11-5 shows the  spee t rm  of poLassium hydrogen d i -  

monohydrogen malo.nate, KH(MHM)~, which forms i n  pe l l e t s  of KC1,  contain- 

ing m l s n i c  acid., a f t e r  a p p r o x h t e l y  5 mfnutes of heating a t  140°, It is 













t h i s  change t o  KH(MHM) which was erro.neously a t t r i b u t e d  t o  a change 
2 

from f i - to  a -ma lan ic  ac id  by Arnakasu and 1t0.j The spectrum shown i n  

i n  F igure  11-5 can  be  seen t o  match t h e  spectrum shorn i n  F igure  1179, 

which is  t h e  spectrum of  an au then t i c  sample of KH(MHM)~. 

One method of  preparing K H ( K ' )  involves  rrrid.ng malo.nic ac id  2 

and KOH i n  a 2 : l  r a t i o  i n  H 0 and evaporat ing t h e  H 0 by reduced 
2 2 

pressure .  This method of  p repa ra t ion  i s  descr ibed  i n  Sec t io~n  11-3-2 

and r e s u l t s  i n  a r e l a t i v e l y  pure, c r y s t a l l i n e  product.  It should b e  

noted, however, t h a t ,  as shown i n  Fig.  11-10 t h e  product  r e s u l t i n g  

from a mixture of malo.nic acid. and KOB i n  a 1,5: 1 mole r a t i o  possesses  

p r a c t i c a l l y  t h e  same i n f r a r e d  spectrum a s  t h e  p o d u c t  ob ta ined  from 

mixing malonic a c i d  and KOH i n  a 2 : l  mule r a t i o ,  

Another method of  p repe ra t i an  of KH(MHM)~ ( s e e  Seotio.n 11-1-2) 

involves  p rec ip i t a t i 0 .n  of  KH(MHM)~ from an acetone o r  e thano l  so1utio.n 

of ma1o.ni.c acid. 'by additi0.n of  s o l i d  KOH t o  t h e  solut io .n,  

A p o s s i b l e  explana t io~n f o r  t h e  formati0.n of KII(MHM)~ can be 

advanced by co.nsid.ering t h e  s t r u c t u r e  of c ~ y s t a l l i n e  malo.nic acid.. A s  

w a s  d i scussed  i n  t h e  General 1ntroductio.n and. ~ e r i m e t ? t a l  Sectio.n, 

c r y s t a l l i n e  malo.nic a c i d  cans i s  ts of 10,ng cha ins  of intramole c u l a r l y  

hydrogen bo.nded molecules. 1nsert io .n of a po.t;assium io.n, and removal 

of a proto.n, i n  every  o the r  one of  t h e  c y c l i c  d i n e r  u n i t s  would pro- 

duce a m a t e r i a l  of molecular for-mula KC H Q which correspo.nds t o  t h e  
6 7 8  

formula f o r  KH(MHM)~. 

F igure  11-6 i s  t h e  spect-~um o f  potassium mo.nohydrogen rnalonate 

~ ( m ) ,  which forms upon f u r t h e r  hea t ing  of a K C 1  p e l l e t  conta in ing  







maIonic a c i d ,  This spectrum may be  compared with t h e  spectrum shown i n  

F igure  11-11, which i s  t h e  spectrum of K ( W ) ,  This  m a t e r i a l  was 

obtafned by evaporat ion of t h e  water  from a s o l u t i o n  of malonic ac id  

and KOH i n a 1: l mole r a t i o ,  K(MHM) i s  d i f f i c u l t  t o  prepare  i n a 

pure form si.nce a c r y s t a l l i n e  product  can be e x t r a c t e d  from a so1utio.n 

of  any mole r a t i o  of malonic ac id  t o  KOH from 2: 1 to 1 :2 ,  The posi t io .n 

of t h e  i n f r a r e d  absorpt ion band due t o  t h e  carbonyl s t r e t c h i n g  motion 

i s  q u i t e  dependent upon t h e  amount of hydrogen bonding p re sen t  i n  t h e  

molecule, hence, upon t h e  KOH-malonic ac id  mole r a t i o .  This can be 

seen by cons idera t ion  of F igures  11-10, 11-11 and 11-12, I n  t h e  com- 

pounds whose s p e c t r a  appear i n  t h e s e  F igures ,  t h e  KOH-malanic ac id  

mole r a t i o  v a r i e s  from 1:105 i n  Figure 11-18 t o  1,5:1 i n  F igure  II- 

1.2, The p o s i t i o n  of t he  absorp t ion  band due t o  t h e  carbonyl  motion 

becomes succes s ive ly  higher  i n  frequency a s  t h e  KOH-malo,nic acid. mole 

r a t i o  i nc reases .  

F igure  11-7 shows t h e  s p c t r u m  exhibited. by an "anhyd.rousf' K C 1  

p e l l e t  conta in ing  malonic a c i d  a f t e r  approximately 25 minutes of hea t -  

i n g  of t h e  p e l l e t  a t  l 4 0 ~ ,  T h i s  spectrum agrees reasonably w e l l  with 

t h e  spectrum (p ig .  11-13) of t h e  compound d ips tass lum malonate-mono- 

hydrate  (K  MoH 0)  which was prepared by evaporat ion of water  from 
2 2 

a n  aqueous s o l u t i o n  i n  which KOH and malonic acid a r e  p r e s e n t  i n  a 2:l 

mole r a t f  0,  r e spec t ive ly ,  In spec t ion  of t h e  s p e c t r a  presented i n  Figures  11- 

6 and 11-11 shows apprec iab le  ab,socptiau; i n  t h e  34QO K reg ion ,  This absorp- 

t i o n  i s  due t o  t h e  water o f  hydra t ion ,  i n  t h e  K bloHZO molecule. 
2 









The formation sf an hydra te  i n  supposedly anhydrous ma te r i a l s  

is  a t  f i r s t  g lance  p e ~ p l e x i n g ,  However, s i n c e  t h e  i n f r a r e d  spectrum 

of t h e  pre-dried. s t a r t i n g  m a t e r i a l    KC^ i n  t h i s  ca se )  shows a de t ec t -  

ab le  amount of water  t o  be p re sen t ,  it i s  poss ib l e  t h a t  t h e  amount of 

water  p re sen t  i s  s u f f i c i e n t  t o  produce t h e  monohydrateo An 0 , 2  gram p e l l e t  

conta in ing  1% malonic ac id  by weight would r e q u i r e  only  0,00035 gram water  o r  

O.J+?$ H20 by weight)  t o  produce K2MDH20. This h i g h l i g h t s  t h e  f a c t  t h a t ,  

i n  %he pressed  p e l l e t  technique,  t h e  e f f e c t  of t r a c e s  of water  can 

r a r e l y ,  i f  eve r ,  be  compbetely ignored., 

When hydrated d ipo ta s s  ium m l s n a t e  i s heated. under reduced. 

pressure ,  t h e  water  of hyd.ratio.u i s  removed.. The spectrum ( ~ i g ,  11-14) 

o f  p a r t i a l l y  dehydrated K2MoH20 is  i d e n t i c a l  i n  i t s  major f e a t u r e s  t o  

t h e  spectrum shown i n  F ig ,  11-8. The spectrum s h o m  i n  F i g o  11-14 

agrees  wi th  t h a t  given by Sad t l e r*  a s  t h e  i n f r a r e d  spectrum of K2M. The 

spectrum shown i n  Fig. 11-8 was obtained from a KC%-malonic acid p e l l e t  

which had. bean heated. a t  140" f o r  40 minutes Dipotassium malonate-rno.no.ny- 

d.rate  can be  reproduced by recrys ta l I iza t iaua  of avrhydpous dipotassium 

malsnate from water ,  

F u ~ t h e r  hea t ing  of t h e  KC%-maIonic ac id  p e l l e t  produced.no o t h e r  

changes i n  t h e  spectrum from t h a t  shom i n  F igo  11-8, even when t h e  

o 
temperature was increased t o  180 , 

Review sf t h e  f i v e  steps of t h e  double decomposition r e a c t i o n  f o r  

malonie a c i d  and an a l k a l i  h a l i d e  s h m s  t h a t ,  f o r  each mole of malonic 

"Sad t l e r  Standard In f r a red  Spectrum Number 6204, 





acid reacting i n  an a l k a l i  halide,  two moles of the corresponding 

hydrogen hal ide  should be produced, I n  none of the p e l l e t  materials  

studied were the  hydrogen halides detected e i t he r  during or a f t e r  

occurrence of t h e  double decomposition reaction,  No gaseous hydrogen 

halide was observed even when a mixture of K C 1  and malonic acid contain- 

ing a r e l a t i ve ly  high percentage of malonic acid  was b a t e d  fo r  a long 

period of time, Hydrogen halide,  trapped i n  the  matrix, was not observed 

when portions of t h e  same mixture were pressed i n to  p e l l e t s  and t h e i r  

infrared. spectrum obtained, 

The f a c t  t h a t  t he  hydrogen hal ide  i s  not observed. i n  t he  case of 

t he  heated malonic acid-KCP mixtures could mean one, or  more, of th ree  

things t (1) the  H C 1  produced remains trapped i n  the  p e l l e t s  and i s  

+ 
not observed f o r  some reason, (2)  t he  H C l  remains i n  t he  p e l l e t s  as H 

ions and chloride ions ,  or  (3) experimental conditions were not correct  

f o r  observing t he  evolved HCl, 

Other work has shown t h a t  H C l  i s  observed* above p e l l e t s  of 

hydroxylamine hydrochloride, of composition s imilar  t o  t h a t  used f o r  the 

malonic acid s tudies  when heated i n  a sealed 18 cm gas c e l l ,  Possibly 

t he  most, reasonable explanation f o r  not observing hydrogen hal ide  i n  

t h i s  work i s  t h a t  t he  hydrogen halide remains trapped i n  the  p e l l e t s  as 

H+ and halide ions.  

The t h i r d  and l a s t  of the  three  types of behavior f o r  malonic acid 

i n  a l k a l i  hal ide  pressed pe l l e t s  remains an anomaly. This anomalous be- 

havior occurs i n  anhydrous NaBr and i n  both wet and "dryu CsCb, Figures 

11-15 and 11-14 show spectra of the  products of the anomalous behavior 

*Private communication from M i .  Robert Berkshire, W.V.U. summer 
undergraduate research studeht i n  1968. 
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ob-toivled i n  anhydrous NaBr and "dws' CsCl respectively,  The anomalous 

behavior does not occur, however, i n  Na& used as ~ e c e i v e d ,  indicat ing 

a possible dependence of the behavior upon the  amount of moisture present 

i n  the  p e l l e t  material .  This dependence upon moisture i s  not borne out ,  

however, i n  t he  case of moist C s C l ,  i n  which malonic acid s t i l l  exhibi ts  

t he  anomalous behavior, 

Several b i t s  of experimental evidence point t o  the  f a c t  t h a t  the  

product of the  anomalous behavior i s  s t i l l  some form of malonic acid. One 

b i t  of evidence i s  t he  f a c t  t h a t  strong heating (150') of a CsCl-malonic 

acid  p e l l e t  produces ace t ic  acid and carbon dioxide. Another b i t  of evi- 

dence was obtained from thin  l ayer  chromatography (TLC). TLC shows t h a t  

an acetone solut ion,  obtained by washing a preground malonic acid-CsCl 

mixture with acetone, contained only one product, t he  re tent ion time of 

which was the  same as t ha t  of malonic acid,  The infrared spectrum of a 

p e l l e t  pressed from the  same preground CsCl-malonic acid mixture which 

had been washed with acetone, showed only in f ra red  absorption bands due 

t o  water. S t i l l  another b i t  of evidence t h a t  the  product of t he  anomalous 

behavior was malonic acid was the  f a c t  t h a t  an r n ~  speotrum of the  acetone 

wash solut ion from the  experiment described above was i den t i ca l  t o  t he  

mr spectrum of malonic acid i n  acetone solution.  

Hartman and ~ i s a t s u n e ~  observed an e f f ec t  which they a t t r ibu ted  

t o  the  formation of a sol id  solution i n  t h e i r  work on the thermal de- 

composition of calcium formate i n  a l k a l i  halide pressed pe l l e t s .  They 

observed t h a t  a f t e r  a heating period of an hour a t  approximately 100' t he  

in f ra red  spectrum of calcium formate underwent d r a s t i c  changes. These 

changes were a t t r i bu t ed  t o  so l i d  solut ion formation. It i s  possible t h a t  

the  aaomalsus behavior shown by malon ie  acid i n  CsCS and anhydrous NaBr i s  

a so l i d  solution formation which i s  occurring a t  lower temperatures, It i s  

not understood, a t  the  present time, why t h i s  behavior i s  not exhibited by 

a l l  of the s a l t s  studied,  







Table 11-1 lists  a l l  of t he  s a l t s  s t u d i e d  i n  t h e  p r e s e n t  work and 

g ives  t h e i r  behavior  upon gr inding ,  p re s s ing ,  and hea t ing  (except ing 

C s C l  and anhydrous ~ a ~ r )  with malonic ac id .  React ion I, t h e  "normal" 

decarboxyla t ion ,  seems t o  be  t h e  except ion r a t h e r  than t h e  r u l e .  Reac- 

t i o n  11, t h e  double decomposition o r  s a l t  formation r e a c t i o n ,  occurs  

t o  some e x t a n t  i n  most of t h e  s a l t s  s t u d i e d  i n  t h i s  work. React ion 

11, excluding t h e  dehydration s t e p s ,  has been r epor t ed  p rev ious ly  by 

Arnakasu and 1 t 0 . ~  The conclusion reached by  t h e s e  workers was t h a t  

React ion I1 proceeded only i n  t hose  p e l l e t s  conta in ing  a f a i r l y  h igh  

amount of  moisture,  This conclusion was not  s u b s t a n t i a t e d  i n  t h e  p r e s e n t  

works When d r i e d  KBr was used,  React ion I predominated. However, when 

d r i e d  K C 1  was used, Reaction I1 predominated. When NaBr, d r i e d  i n  

t h e  same manner a s  t h e  K C 1  j u s t  mentioned, was used, React ion I11 

occurred.  React ion I occurred both  when KBr and malonic ac id  were 

ground i n  a d r y  box and when ground i n  t h e  atmosphere. Fu r the r  work 

i s  ccces sa ry  t o  a s c e r t a i n  t h e  cond i t i ons  which c o n t r o l  t h e  behavior  of 

malonic ac id  i n  t h e  var ious  a l k a l i  h a l i d e  s a l t s .  

Table 11-2 summarizes t h e  source  of t h e  a l k a l i  h a l i d e s  used and 

t h e  methods used i n  preparing t h e  a lka l i .  h a l i d e  p e l l e t s  con ta in ing  malonic 

acid id, 
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Table 11-1 

S m a r y  of Behavior of h l o n i c  Acid In  Various Alkali Halide Matrices 

Alkal i  Halide Behavior by Reaction Type (see 11-1) and Comments 
- ---.-.-- ---- - - 

NaCl Undergoes Reaction I ,  Good material  f o r  p e l l e t s ,  Diffi- 
c u l t  t o  render anhydrous. Some water evident i n  spectrum 
of pe l l e t s  used, 

N ~ B P  Undergoes Reactions I, 11, or 111, depandfng upon amount 
of water present,  

NaI 

KBr 

KI 

RbBr 

C s B r  

Transmittance of p e l l e t s  too low to  obtain useable 
spectra.  

Undergoes Reactions I and II, Good mate r ia l  f o r  
pe l l e t s ,  

Und.ergoes Reaction I, Good. mater ia l  f o r  p e l l e t s ,  

Undergoes Reaeti0.n 11 and. some Reacti0.n I. Good. 
material  f o r  p e l l e t s ,  

Reactfo.ns I and 11, Very good. mater ia l  f o r  
pe l l e t s  0 

U.ndergoes Reactio.n I ,  Good material  f o r  pe l l e t s .  Some 
water evident i n  spectrum of pe l l e t s  used., 

U.ndergoes Reactf an I ,  Best of a l l  materials  used f o r  
pe l l e t s  0 

Undergoes Reaction 111, Independent of amount of water 
presant, 

Undergoes Reaction I, Poor material ,  f o r  pe l l e t s .  No 
water evident i n  spectra  sf pe l l e t s  used, 

Undergoes Reactions % and $1, Fai r  m~P,e r ia l  f o r , pe l&e t s ,  
No water evident %n spectra 92 pe l le tg  used, 



Table 11-2 

Summary of Source of A l k a l i  Hal ides  Used and. Method of P repa ra t ion  
of A l k a l i  Halide-Malonic Acid P e l l e t s  

S a l t  Source* Drying * Prepara t ion*  
Procedure 

NaCl 

NaBr 

NaBr 

NaI 

KC 1 

KBr 

K I  

RbCl 

RbBr 

R'bI 

C s C l  

C s B r  

C s I  

F i sher  

Brinkman 

Brinkman 

Brinkman 

F i she r  

F isher ,  Harshaw , 
Brinkman 

Brinkman 

Brinkman 

Brinkman 

Brinkman 

Yes 

No 

Yes 

No 

Yes 

Yes 

Yes 

No 

Yes 

No 

No 

No 

No 

--- - 

*See In t roduc t i an  and General  Experimental Sect ion.  



KH(MHM)~ was prepared by two different  procedures. The f i r s t  of 

the methods of preparation involved weighing potassium hydroxide and 

malonic acid i n  a 1:2 mole r a t i o o  The two preweighed portions were then 

dissolved in  separate flasks of d i s t i l l e d  water with addition of enough 

i c e  t o  make the mixtures slushy, These two slushy mixtures were then 

mixed together slowly, I n  order t o  prevent the heat of reaction from 

decomposing the reaction product, the reaction f l a sk  was also kept cool 

by means of an i c e  water bath, The mixture was then allowed t o  warm t o  

room temperature and most of the water was removed using a rotary 

evaporator and a water aspirator,  The remaining wat;er was removed by 

reduced pressure using a vacuum pump. 

I n  order t o  prepare KH(MHM) by another method it i s  necessary 
2 

only t o  dissolve malonic acid i n  acetone or diethyl ether and than add 

so l id  KOH which was prewashed with d i s t i l l e d  water. The KH(MHM)2 forms 

d i rec t ly  o.n the surface of the pe l le t s  as an insoluble material, After 

removal of the excess solid KOH, the solvent i s  evaporated from the pro- 

duct, The product i s  then washed with diethyl  ether and the excess 

ether i s  evaporated. This quick and easy method of preparing KH(MHM) 2 

gives re l iab le  resu l t s  as evidenced by the  cansistency i n  appearance of 

the  infrared spectrum of the reaction product i n  each case. The elemental 

analysis* of the product i s  given below alang with the calculated pepcentage 

*All elemental analyses were do.ne by Galbraith Laboratories, Inc, ,  
P, 0, Box 4.187, 2323 Sycamore hive, Knoxville, Tennessee* 37921, 



f o r  KHC6H7o8 K H ( ~ ) ~  

Found ( 5 )  C ,  29.87'; He  3.08, K,  l3,88; 0 (obtained by difference), 

53 0 170 

Theoretical ($) C ,  29,68; H, 2,85; K 9  15085; O 9  5P,62p 

The discrepancy i n  the values can possibly be attributed t o  approximately 

0,4 moles of excess ma1onic ecid per nlole sf KH(MHM) 2 "  

11-3-3 n -ion of a Pmduct With a KOH-Mdonic Acid Mole Ratio of 

uo 

Tbe method of preparation of th is  material i s  the same as the 

f i r s t  method of pepsra t ion  described above for KH(MHM)~ except tha t  the 

K0H:Malonic acid mole ~ a t i o  i s  i n  t h i s  case l : l . j ,  The infrared spectrum 

( ~ i g .  11-10) ras nearly ideut ical  t o  t h a t  of KII(MHM)2, (pig. TI-?), the only 

difference being the apgearawce sf s band a t  3300 K which might be 

ascribed t o  %he excess KOH, 

The method of prepa~at ion sf th i s  compound i s  the same as the 

f i r s t  method of preparation described above for  KH(MHM)~~ I n  this  case 

the KQH-mkowic acid mole r a t i o  was P:%, The elemental analysis of 

"ee product, KHC H 0 a f t e r  two recrystaSlizatians from dist"il led 
3 2 4 

water i s  given below: 

Found ($): @, 23.58; HI 3.29; M P  ~ 6 ~ 5 % ;  (0 obtained by d i f f e ~ a n c e ) ,  

%,j6. 

T h e ~ r e t i e a l  ($1: C!, 2j03g;  Hp 201$; K p  27&57;  0, 44,97, 



The discrepancies i n  t he  analysis  can possibly be a t t r ibu ted  

t o  r e ~ i d u a l  water i n  t he  product, 

Another method of preparation of K(MHM) invo lves  heating 

KH(MHM)~ under reduced pressure. Application of gent% heat  to a 

p a r t i a l l y  evacuated f lask contafnf ng KH(MHM) r e su l t s  i n  t he  s u b l b  t i an .  
2 

of malsnic acid feavlng a residue of K(MHN), as evidenced by t h e  fnfrared 

spectrum sf the  product, 

The method sf preparatian sf t h i s  material  i s  t he  same as  t h e  

f i r s t  method described above f o r  preparetian of KH(MHM)~ except t h a t  

%be KOH-malonic acid mole r a t i o  used was 105: lo  The in f ra red  spectrum 

(pigo 11-U) of: the  product o b t a a e d  indicated t h a t  t he  product might be a 

mixture of K(W) and K 2 M o  R 2 0 (Figs, 11-ll and 11-13 1. 

11-3-6 s Preparatian of the  Digotassium b%o.nate-M~nohydrate K 

K MoH 0 i s  prepared by t he  same method as t h a t  d.eacribed f i r s t  
2 2 

above fo r  KH(MHM)~ .  In  t h i s  case the  KOH-malonic acid mole r a t i o  used 

was 2:%0 

The elemental analysis  i s  given below along with the  calcula ted 

values f o r  K ~ c ~ H ~ ~ ~ ~ H ~ O  0 

Found ($1: C, 18,19; M Q  1,52; K, 39,591 8 ( s b t d n e d  by dif ferance) ,  

50.720 

Theoretical ($1: C, E8,E5; H, 2,02g KQ 39,42, 



The discrepancies between the found and theoretical values can 

possibly be explained by incomplete formtion of the hydrate. 

This product was prepared by a thermal d.ehydratio.n of K M0H2O 
2 

under reduced pressurea The K M 4 H  0 was placed under a reduced pressure 
2 2 

of approximately 0.5 t o r r  and heated t o  approximately 200'. This pro- 

cedure resulted i n  a loss of water from K2M0H 0 forming K M, This f ac t  
2 2 

was confirmed by the infrared spectrum 11-92 ) and by recrystal- 

l i ea t ian  of K M from water, reforming K M0H20 as evidenced by the 
2 2 

inf rared spectrum ( ~ f  go 11-3-3) 

An attempt was made t o  observe H C l  evolution from several heated 

KC%-malsnic acid pe l le t s  of the compositisn used i n  the research, 

Several pe l le t s  were placed in a %O an gas c e l l  f i t t e d  with NaCl 

windows, and the c e l l  placed i n  an oven a t  100°, The gas c e l l  was then 

renaoved intermi%%ent%yB placed i n  the infrared spectrome%er and the 

spectrum recordedo Upon conclusion of the t o t d  heating in terva l  of 

48 hours, some s f  the pel le ts  were rem~ved from the gas c e l l ,  placed i n  

an infrared spec'ersme%er and the spec t rw  recordedb The infrared 

spec t rm showed evidence of the occurance o f  the double decomposition 

reac"eisn, but no H C l  was detected BD t h e  gases above %he pe l le t s  i n  the 

gas ce l l .  



A loose parer mixture of pre-dried K C 1  and ma1o.ni.c acid (approx, 

10% malo,nic acid by weight) was placed i n  a 10 cm gas c e l l  f i t t e d  with 

NaCl windows. The c e l l  was then kept a t  approximately 100' for  several 

days, Intermittently, the c e l l  was removed from the oven, placed i n  

the  infrared spectrometer, and. the spectrum of the gases over the loose 

powder obtained, I n  order to  determine whether the above decompositio.n 

( s a l t  formati0.n) reacti0.n was proceeding und.er the co.nd.itians maintained 

above, another porti0.n of the same s ta r t ing  material was placed i n  a gas 

c e l l  and. heated under the same co.nd.itio,ns. A t  cer tain in te rva ls ,  por- 

t2Lo.n~ of the mixture were removed., pressed in to  a pe l l e t ,  placed, i n  

the infrared spectrometer and the spectrum obtained, These spectra 

d.exo,nstrated tha t  the d.ouble decompositio~n reac ti0.n was indeed oc curring 

under these co.nditians, 

Neither of the experiments out l ined above enabled the observance 

of evolved. H C l  from e i ther  the pe l le t s  or the loose powder mixture .nor 

did the pe l l e t s  obtained from the  experimants show any evide,nce of 

trapped HC1. 

I n  a n  e f fo r t  to determine whether B C l  could be observed i n  any 

Qase under the experhantal  canditians of the experiments outlined 

above, the following experiment was devised* Hy&oxylamine hydrochlor5d.e 

(NH20H0~C1), which was show t o  give off H C 1  when heated, was mixed with 

KC1,  pressed into n pe l l e t  and the  p e l l e t  heated a t  1 2 0 ~ .  The infrared 

spectrum of the pe l l e t  gave evidance of the decomposiLion of the 

NH20HEHC1, but no indioatio%n of H C 1  trapped i n  the m t r i x .  Several 

pe l l e t s  of KCl-NH2 QH'HC1 were then prepared, sealed i n  a gas c e l l ,  and 



heated. a t  120' C, The infrared s p e e t m  of the gases above the pe l le t s  

i n  the c e l l ,  obtained intermittently during heating, showed tha t  HCP 

had bean evolved from t.he KC1-NH20HoHCl pellets.  

11-3-98 m a r a  an of A&y~rous NaBr Pel lets  

The method wed lx dry the NaBr is the same as tha t  described i n  

the General InCroductf on arld Experimental Section under Pe l le t  Prepara- 

t ion,  The dried NaBr was mixed with predried mlonic acid by means of 

an agate mortar i n  a glove box which was purged with drgr a i r b  A pe l l e t  

die was also placed i n  the glove box, and, a t  various grincling in ter -  

va%s, f i l l e d  with %he desired mount. of %he mhture and ranwed f o ~  

pressing of the pe l le t s  

11-3-10 s -ara%ian C s C l  Pellets.  

The pe l le t s  of CsCP and malmfc acid were prepared by grind- 

Ing predried C s C l ,  or  CsCS used as received, and malonic acid i n  the 

Paboratory atmosphere i.n an agate msrtas~ and %hen pressing the material 

into a pe%Pst, The pe l le t s  of moistened C s C l  and maIonic acid were 

prepared i n  the s m e  ananraer w i t h  the  exception tha t  various mounts 

of dLsti%led wa%er wePe added t o  the CsC% before g~iaading, 

11-3-11s ,NMR Speqtr of' Malsqie Acid, 

The mr s p e a t ~ a  of malsnic acid with acebne  as a solvent was 

obtained from a Varian MA-66 High Resolut ion NblR Spectrometer, I n  an 

attempt t o  obtain t h e  wiar spectrura of t h e  product of the anomalous 

behavior of malsnic acid i n  C s C 1 ,  acebne was added t o  a CsCP-mlonic 



acid mixture which had been ground in an agate mortar. The .nmr spectrum 

of the resul tant  solution matched tha t  of malonic acid. The infrared 

spectrum of the pe l le t  pressed from the CsC1-malonic acid mixture 

which had been ground, washed with acetone and the aceto.ne evapol-ated 

showed no absorption 'bands indicating tha t  the malonic acid. was com- 

pletely removed from the C s C 1 .  

Malonic acid. and C s C l  (approximatsly 5% malo.nic acid by weight) 

were ground. together i n  an agate mortar. To this  mixture, approximately 

5 m l s  of acetane were added and the  mixture s t i r red.  f o r  approximately 

o.ne minute. Two to three microl i ters  of t h i s  so1utio.n alo.ng with a 

reference spot (2 microliters of an aceto,ne so1utio.n of malo.nic acid 

which was approximately 5% mahnic acid by weight) were placed a t  

the bottom of a Thin-layer Chromatographic plate  covered with s i l i c a  gel,  

The p la te  was developed with n-hexane. 

The above procedure was than repeated using acetone as the 

solvent and a 50% 2-hexane ~50% acetane solutian as developer. 

The en t i r e  procedure described above was then repeated using 

ethyl  ether as a solvent f o r  both the CsC1-malanie acid mixture and 

the reference solutian. The developing solutians were the same as those 

described. above. 
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PART 111 

The K i n e t i c s  of Thermal Decarboxylat ion of Yhlonic Acid i n  
KBr and i n  RbRr, 

111-1: I n t r o d u c t i o n  and L i t e r a t u r e  Sulgvev 

The y e a r s  fo l lowing  a repor t '  o f  r e s e a r c h  i n t o  t h e  t h e r m a l  de-  

composi t ion o f  aqueous s o l u t i o n s  of malonic  a c i d  have b rought  a number of 

p a p e r s  d e a l i n g  w i t h  t h e  the rmal  d e c a r b o x y l a t i o n  o f  malonic a c i d  and i t s  

2 
d e r i v a t i v e s .  Hinshelwood and  aski in^ s t u d i e d  t h e  d e c a r b o x y l a t i o n  o f  

mol ten malonic  a c i d  and found t h e  r e a c t i o n  t o  be f i rs t  o r d e r  i a a  appearance  

o f  C02.  Many workers  - I3  have i n v e s t i g a t e d  t h e  t h e r m a l  d e c a r b o x y l a t i o n  

o f  c13 e n r i c h e d  malonic  a c i d  i n  v a r i o u s  s o l v e n t s .  others'' have i n -  

v e s t i g a t e d  t h e  t h e r m a l  d e c a r b o x y l a t i o n  o f  malonic  aeid-d i n  t h e  mol ten 4 

s t a t e ,  I n v e s t i g a t i o m o f  t h e  d e c a r b o x y l a t i o n  r e a c t i o n  have been 

c a r r i e d  o u t  i n  numerous s o l v e n t s  by C l a r k  
15-16 

and b y  o t h e r s  2 7-3 2 
0 

The l a r g e  volume o f  r e s e a r c h  on t h e  the rmal  decarbsxyP%tisn of 

malonic  a c i d  h a s  genera ted  a number o f  proposed mechanisms f o r  t h e  

r e a c t i o n .  ~ a i r c l o u g h "  proposed a mechanism f o r  t h e  d e c a r b o x y l a t i o n  

o f  a - u n s a t u r a t e d  acids i n  g e n e r a l  which invo lved  t h e  f o r m a t i o n  o f  a 

c y c l i c  i n t r m o l e c u l a r l y  hydrogen bonded i n t e r m e d i a t e .  P a ~ t i a l  sub- 

s t a n t i a t i o n  of t h i s  mechanism comes f ~ o m  r e s e a r c h ,  r e p o r t e d  b y  Kenyon 

and Ross,3o showing evidence of t h e  fo rmat ion  of a earbon-carbon 

double  bond d u r i n g  decarboxyla t ion ,  However, t h e  f a c t  t h a t  t h e  de- 

c a r b o x y l a t i s n  sf molten malondc a c i d  e x h i b i t s  no deuter ium i s o t o p e  

e~feet" '  shows t h a t  the formation 01% d f s s n c i a t i o n  of t h i s  cycl ic  



intermediate i s  not the ra te  determining step. Frankel e t  a13' have 

proposed a bimolecular reaction mechanism i n  which the r a t e  deter- 

mining step i s  the formation of a complex betwean the electrophilic 

car'no.xylca~b~.sl. at& and Lhe mo%eophilPic so,$vant m~&ecu las~  Frankelfs 

mechanism i s  consistenit with %he observed data for  the thermal de- 

carbsxylation of mlon5c acid and also fo r  a-unsaturated acids i n  

En the work reported herep the %hem%% decarboxylatio.n of malanic 

acid has been studied in various a lka l i  halide matrices, I n  most sf  

%he s a l t s  studied, useful data could not be obtained due t o  a competi- 

t ion reaction involving malsnic ac%d and the a lka l i  halide studied, 

However, i n  some of the s a l t s  studied (e, , KBr , and R ~ B Z P )  the double 

decompoaitio.n reaction proceeded to  a negligible extant, allowing 

the coP lec t i~n  of data wh'ich could be used t o  deternine rea0tio.n r a t e  

co.nsta%ra.t;so The decarboq1atho.n of malonic acid in d k a l i  halide 

matrices i s  shown to  be f i r s t  mder i n  disopparance of mlnnic  acid, 

Other workers 33F37 have studied effects  upon the k h e t i c s  of 

other reac%io.ns when the reactants are  susgend.ed i n  salt,  matriceso 

l'he.net resu l t s  of t h e  research d ~ n e  by these workers show an overall  

effect  upon t h e  energy sf activation sf  a reactfan when the  reactants 

a r e  suspended i n  s a l t  matrices, There i s ,  however, .no evide.nae of 

variation of aetivo"&%an energy from s a l t  t o  s a l t ,  



Cans t a n t  Temperature Bath 

The cons t an t  temperature b a t h  co.nsisted of  a F i s h e r  

Bath f i l l e d  wi th  e i t h e r  F i s h e r  Bath Wax ( f l a s h  g o i ~ t  325') of Uco:~ 

o i l  50-HB-280-X (obtained from U.nio.n Carbide C h d c a l s  Corporo"cit1, 

Char1est0.n~ West ~ i r ~ i n i a ) .  The Ucan o i l ,  s t a b i l i z e d  wi tb  phanothia- 

z ine  anabled  r o u t i n e  pro10,nged 0peratio.n of t h e  ba th  a t  temperatures  

up t o  170°, Operating temperatures  h ighe r  than 170' could 'be main- 

t a i n e d  f o r  s h o r t e r  per iods  of  t i m e ,  I h e  F i s h e r  b a t h  wax could n o t  

be maintained a t  temperatures  g r e a t e r  than  l5oo, due t o  decompositian 

of t h e  wax, The f a c t  t h a t  t h e  Ucan f l u i d  i s  water  s o l u b l e  enables  

convenient  and easy  c leaning  of  e q u i p m ~ n t ,  

The temperature of t h e  ba th  was maintained by a mercury expar!- 

s i o n  co.ntrol led e l e c t r o n i c  r e l a y  system. In t h e  both ,  two heotirrg 

c o i l s  were p laced ,  o,ne sf which was co.ntrol led by t h e  elec"cro.uic 

r e l ay ing  system, t h e  o t h e r  by an auto-transformer,  This system 

anabled temperatur+e c a n t r o l  w i t h i n  a 3- 0.05 d e g x ~ e e ~  t w n p ~ r ~ t u r e  range  .)r 

A Ph i l ade lph ia  thermometer was used dur lng  bath opera t ian  t o  o5tait1 

t h e  range  o f  t a m p r a t u r e  ~ a r i a t i o ~ n ,  The a c t u a l  t m p e r a t u r e  of t h e  

ba th  was obta ined  by a s t anda rd ized  thermometer, The therclorr~eter 

was s t anda rd ized  a g a i n s t  NaCio.rlal Bureau of Standards ther*mometer set 

.number 51364, and t h e  temperature measured during an experhanLal. rurl 

was co r rec t ed  accordingly,  

A plywood sack  was co,nslructed f o r  t h e  bath in o r d e r  to  eraable 

the p k c s m a n t  of t h e  r e a c t i o n  tubes  i n  t h e  bath, The r.&raetl.oc Lubes 



used were standard 6-inch t e s t  tubes stoppered with corks, 

Proced.ure Used t o  Obtain Kin- 

The procedure used i n  the preparation of a l k a l i  halide pellet  

mixtures has been described previously. I n  pxepa~ation fop a kinet ic  

run using the multipellet  method, 10 to 15 pel le t s  were pressed, weighed. 

to the nearest  0,Ol milligram and the inf rared spectrum of F;;LC~ obtained. 

The absorbances of the i n i t i a l  spectra were than used t o  establfsli 

the zero time absorbances of each pe l le t .  The pe l l e t s  were placed 

individually i n  t e s t  tubes and the tubes placed i n  the constant ternpara- 

ture  bath. Each pe l l e t  was then removed from the bath upon elapse of 

a specific amount of time. The times were obtained by means of a 

stopwatch which was allowed to run continuously throughout a kinetic 

run, Upon completian of the pe l l e t  heating times, t h e  spectrum of each 

pe l l e t  was obtained a f t e r  the pe l l e t  was repressed, The xaepressing 

was .necessitated by the f a c t  tha t ,  upan heating, the pe l l e t s  became 

opaque and expanded s l ight ly ,  as evidenced by the iuab i l i t y  t o  re- 

place the pe l le t s  into the pe l l e t  die. The rep~rrssing prUoceduse re- 

sulted i n  a s l i g h t  weight loss  which necessitated correction sf  the 

absorbances obtained a f t e r  repressing. Most of the weight l o s s  during 

repressing was the  r e su l t  of the  necessity to  s a ~ d  the edges of t h e  

pe l le t s  i n  order t o  replace them i n  the p e l l e t  die ,  

After obtaining the spectra of a l l  of the heated pslJe ts t;hs 

Sand t r ansd t t ancss  , or absorbances , wsre thm obta ined  by t11e basejlS.ne 

techniqueo These values wsre punched on conaputer data ca~*ds and t h e  data 



analyzed by a computer program w r i t t e n  s p e c i f i c a l l y  f o r  t h i s  work. 

The program i s  l i s t e d  i n  t h e  Appsndix. 

111-3 : Resu l t s  and Discussio.n 

F igu re  111-1 shows a p l o t  of absorbance ve r sus  p e l l e t  weight 

f o r  t h e  i n f r a r e d  absorpt ion bands a t  3000 K i n  malo~nic ac id ,  The 

csrresgon&ng d a t a  f o r  t h e  o t h e r  bands a r e  comparable. The f a c t  t h a t ,  

wi th in  experimental  e r r o r s ,  t h e  c a l c u l a t e d  i n t e r c e p t  of  t h e  l i n e  i s  a t  

t h e  o r i g i n ,  means t h a t  t h e  absorbances of each p e l l e t  can b e  c o r r e c t e d  

t o  o s t a n d a r d  p e l l e t  weight by wqy of  a simple weight r a t i o ,  In  t h i s  

work, t h e  s t anda rd  p e l l e t  weight ( w ~ )  was chosen a s  0.20000g. The 

i n f r a r e d  band absorbance of a p e l l e t o f  weightWt can then be  cor rec ted  

t~ t h e  absorbance of  a p e l l e t  o f  weight Wo by %he fo l lowing  fo rnu la :  

A 
e o r r  = At (wo/wX) 

o r  i n  -this c a s e  

A = A (0,20500/~+.)  
c o r r  t U 

.A- eS. t h e  e p r i m e n t a l l y  measured absorbance and Wt t h e  experimental ly  

determined weight  sf %he p e l l e t ,  AcQrr is then t h e  absorbance whi ch 

a p e l l e t ,  of weight Wtp would have exh ib i t ed  i f  it had weighed 502000 g o  

These co r r ec t ed  absorhanees l end  LhmseSves q u i t e  w e l l  t o  ca l cu la -  

t i o n s  sf t h e  variance sf t h e  absorbance measuremeatso The c a l c u l a t e d  

va r i ances  g i v e  an  i n d i c a t i o n  of" t h e  e r r o r s  a s soc i a t ed  wi th  t h e  measure- 

ment of t h e  abssrbances,  as we91 a s  t h e  absorbance measurmant  e r r o r s  



Figure  111-1. P l o t  of I n i t i a l  Absorbance ve r sus  P e l l e t  Weight f o r  t h e  3000 K i n f r a r e d  
Absorption Band i n  t he  I n f r a r e d  Spectrum of Malonic A c i d - i n  K B r ,  



associated with the  inhomegeneity of t h e  p e l l e t  mixture. The 

variances of t h e  i n i t i a l  absorbances of each of the  bands p lo t ted  

is  given i n  Table 111-1, These absor'bances were obtained from approxi- 

mately 50 p e l l e t s  a l l  of which were pressed from t h e  same p e l l e t  

mixture. 

Table 111-1 

3 Variances (x 10 ) of absorptio.n of 9 of the  ma j o y  'bands of rnako.nic 
ac id  as  average varianoes obtained from 5 k ine t i c  runs made 

o,n t h e  same bulk p e l l e t  mixtupe 

Absorp- 
t io.n 

Band.(K) 3000 1700 1440 13x0 1220 1175 900 760 6-50 

Variance .42 2.27 .62 #56 l.@13 1 ,Ol  ,82 .50 ,53 

Reac ti an Order Plots  

Previous word'-'' has shown t h a t  in K B ~  p a I l a t s ,  t h e  ibso~bance  

of the sample var ies  l i n e a r l y  with eoneantsatlan over t h e  ranges sf: 

co%neantratians used i n  Lhis work, By making p e l l e t s  of mixtures of 

KEIr and malanic acid i n  varying co,rioant.~iatiar~s and obtairiuaii,rlg Lheir 

in f ra red  spectrum, it was s h o ~ n  t h a t  a l l  9 of t he  major absorptian 

bands of malanic acid obey Beer's Law over the  eat~oentratio.n range of 

i n t e r e s t  in Lhis work, 
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The thermal decarboxylatiu,n of malanic acid. can be  m i t t e n  

HOOC-CH2-COOH CH COOH + GO2 
3 

Since  absorbance is  d i r e c t l y  proportio.na1 t o  co.nceritration t h e  ro t e  

law of t h e  reac t ion  can be  writtafi a s  

Taking t h e  logarithm of both s ides  of equatian (2)  

0 1- = log k 4- .fi (3 1 

P l o t t i n g  log  (AA/AT) versus  log  (A) should. g ive  a s t r a i g h t  l i n e  of 

s lope  n ,  t h e  reacti0.n order  of t h e  compo.nent whose absop'bance i s  

used, 

The quan t i ty  ( A.4/8  T) can 'be deteruli,nect 'by e i t h e r  of two methods 

(1) by p l o t t i n g  A t and obta is ing  the  s lope  of t h e  resu'Jlting 

curve a t  various A values,  o r  (2) by. calculat%ng ( AA/AT)  using 

the  a c t u a l  da ta .  The latter method means choosing values of absoa"bauce 

a t  var ious  times and c a l c u l a t i n g  t h e  change it? at3sorbance ( A A )  during 

t h e  time i n t e r v a l  ( A t )  , The r a t i o  ( 8 - 1 8  t) is  than p l o t t e d  aga ins t  

t h e  logari thm of t h e  s t a r t i n g  absorbance chosen, The second method 

described was used t o  obta in  Figures 111-2 through 111-4, . 

P l o t s  of t h e  eguatian f o r  t h e  absorbakce of  t h e  3C300 K band a r e  

shown i n  Figures 111-2 through 291-IC f o r  the deoorbowlatiorb mallcxnie: 

acid a t  t h r e e  d i f f e r a t  Lmpera tures ,  



Figure  111-2. Thermal Decarboxylation React ion Order P l o t  
f o r  t h e  3000 K I n f r a r e d  Absorption Band of 
Malonic Acid a t  144. go in K B r ,  



.4 6 *7 oB 9 L O  % e l  1*2 

LOG ( A )  

Figure 111-3. The Thermal Decarboxylation Reaction Order 
Plot for the 3000 K Infrared Absorption 
Band of Malonic Acid at 161.0~. in K B r .  



LOG ( A )  

Figure 111-4, The Thermal Decarboxylation Reaction Order 
Plot for the 3000 K Infrared Absorption Band 
of Malonic Acid at  167.0'. in K B r ,  



The s lopes  of t h e  r e s u l t i n g  p l o t s  ( ~ i g u r e s  111-2 through 111-4) 

a r e  1 . 1 8  a t  14b090,  1.15 a t  161,0O and 1 , 0 8  a t  1 6 7 . 0 ~ .  The f a c t  t h a t  

t hese  va lues  of t h e  s lopes  a r e  c l o s e  t o  1 enables  t h e  assumptian 

t h a t  t h e  thermal  d.ecarboxy1atio.n of malo.nic acid. i h  a l k a l i  ha1id.e 

mat r ices  i s  a first  order ,  o r  p seudo- f i r s t  o rder ,  react i0 .n.  

Rate  Co.nstant P l o t s  and Data 

For f irst  o rde r  r eac t ions ,  t h e  in tegra ted .  r a t e  expression i s  

where C i s  t h e  i n i t i a l  co.ncantrati0.n and. C i s  t h e  amount of r e a c t a n t  
% 

remaining a t  time t ,  

From Beer Is Law 

where b i s  t h e  th ickness  of t h e  p e l l e t  i n  mm, C i s  t h e  concent ra t ion  

of t h e  sample i n  t h e  p e l l e t  i n  moles/ml and a is t h e  a b s o r p t i v i t y  of 

a p a r t i c u l a r  absorpt ion band, I n  t h e  case  of a c i r c u l a r  p e l l e t  

where r i s  t h e  r ad ius  of t h e  p e l l e t ,  d i s  t h e  d e n s i t y  of t h e  p e l l e t  

a n d  W i s  t h e  weight  of t h e  p e l l e t  a t  t ime t ,  Rearranging equation 
t 

(6) and s u b s t i t u t i n g  i n t o  equation (5) g ives  



TIME (min) 

Figure 111-5. Rate Constant (kt) Plot of the 3000 K Band 
for the Thermal Decarboxylation of Malonic 
Acid in K B r  at 158,1°, 



TIME (min) 

Figure 111-6. Rate Constant ( k ' )  Plot of the  1400 K Band 
for the  Thermal Decarboxylation of Malonic 
Acid in K B r  at 158.1°. 



TIME (min) 

Figure 111-7. Rate Constant ( k t )  Plot of the 1440 K Band 
for the Thermal Decarboxylation of MaEonic 
Acid in K B r  a t  158.1°. 
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TIME (min) 

Figu re  111-8. Rate Constant (kt) P l o t  of the 1220  K Band 
f o r  Thermal Decarboxylation of Malonic Acid 
i n  K B r  a t  158. lo. 



'1.0 

.9 

. 8  

.7 

, 6  

.5 

f i  
.4 

"x" . 3  C 
1 

X 
. 2  -x 

V 

8 0 1  
t4 

0.0 

-. 1 
- . 2  

- . 3  

-, 4 

- . 5  

5 10 15 20 

TIME (min) 

Figure 111-9. Rate Constant (k') of the 900 K Band for 
the Thermal Decarboxylation of MaIonic A c i d  
in KBr at 158.1'. 



TIME (min) 

Figure 111-10, R a t e  Constant (k') P l o t  s f  the 3600 K Band 
fo r  the Thermal Decqr')oe,xylation of Melunie  
Acid i n  RbBr a t  158.5 . . 



Figure 111-11. Rate Constant (k') Plot of the I700 K Band 
for the Thermal Decarboxylation of Malonie 
Acid in RbBr  at 158 .5~ .  
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Figure 111-12. Rate Constant (kt) of the Plot of the 1440 K 
Band for the Thermal Decarboxylation of 
Malonic Acid in R b B r  at 158.5~. 
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Figure 111-13. Rate Constant (k') Plot of the 1220 K 
Band for the Thermal Decarboxylation of 
MaLonis Acid in RbBr at 158.5O. 



Table 111-2: Absorbances Used t o  Determine k t  f o r  t he  Thermal D e c a r b ~ x y l a t i ~ n  
of Malo.nic Acid. i n  KBr a t  142,0° 

I n i t i a l  Absorbances f o r  Indicated Bands (K) 

Pel- P e l l e t  
i z t 3 0 0 0  1700 1440 1310 1300 1175 900 760 650 Time weight(g) 

* 

Absorbances After Indicated Heating In te rva l s  
P e l l e t  

3000 1700 1440 1210 1220 1175 900 760 650 Time weight(g) 



Table 111-3. PLOTFA (see Appendix I )  f o r  Indicated Bands (K)ofor the  Thermal 
Deca rbo~y la t i~n  of Malanic Acid i n  KBr a t  142.0 , 

3000 1700 ,1440 1310 1220 1175 900 760 65 0 Time 
- 

O*OOO 0- 000 -0.001 

00100 00000 0,221 

0,082 01000 0,239 

00334 0,000 0,520 

0,586 0e000 0,866 

0,637 0,000 10092 

00813 OoOOO 10114 

0,911 00000 19152 

0,000 1,083 OeQOO 00000 OoOOO OoOOO 0o000 OoOOO OoOOO 5000 

0,000 t,lL? 0,000 00000 0-000 OoOOO 00000 0-000 OoOOO 6000 

0,000 04725 0,000 0-000 00000 OoQ08 0,000 0,000 00000 45-0 



Table 111-4. Absorbances Used t o  Determine k: f o r  the Thermal Decarbo*ylatiQn 
of Malo.nic Acid i n  KBr a t  153.2 , 

I n i t i a l  Absorbances for  Indicated Bands ( K )  

Pel- 
l e t  Pe l le t  
M ~ ,  3900 1700 14W 0 1399 1175 900 760 650 Time ~ e i g h t ( g )  

Absotbances After Indicate@ Heating Intervals 

3000 1700 1440 1210 1229 1175 900 760 650 Time 

0,27748 
Oo27060 
00 18185 
0-20078 
Oo 19614 
0.20344 
00 19757 
00 18866 
00 19193 
0020860 
0020610 
00 18953 
0016716 
0, 13215 
00 14578 
0012315 

Pel le t  
weight (g ) 

O o O O O  OoOOO BaOOO OoOOO OoOOO O o O O O  00000 O o O O O  00000 
0,942 0-QOO 1,213 0,000 10423 00772 00573 00000 OoOOO 
0,225 0,555 0,246 00000 0,274 00242 00090 O o O O O  O o O O O  
0,218 0,545 00264 0,000 00281 00251 0-091 0,000 0,000 
0.095 0.241 Oaf28 O o O O O  00131 0ol75 00033 00000 00000 
0,069 0,218 0,008 O o Q Q O  0-128 00141 0,020 O o O O O  0oOOO 
0,053 0,158 0,000 O,QOO ~ ~ 0 9 2  0 ~ 1 1 4  ooooa O ~ O O O  0 ~ 0 0 0  
0-069 0-116 0,000 0-000 0,078 0,077 00000 0,000 0,000 
0,040 0,106 8,000 0-000 00068 0,072 OoOO0 0,000 OeO00 
0,028 0-076 8,000 0,000 0,043 QP049 0,000 80000 00000 
00022 0,072 OoO00 0,000 00060 03078 0-000 OoOOO Om000 
0,018 0,060 Oo000 0a000 0,063 0,067 0,000 0,000 0,000 
0.023 00046 0,000 0,000 0,053 0,055 0o000 0-000 0,000 
0,040 0,029 Oo000 0,080 0,663 0,869 0,000 0,060 0-000 
OeOGb 0,036 0,000 0-000 00049 00048 0-000 Om000 Om000 



Table 111-5. PLOTFA (see Appendix I) for Indicated Bands  for for t h e  Thermal 
Decarboxyhtio.n of Malo-nic Acid i n  KBr a t  153.2 . 

3000 1700 1440 1310 1220 1175 900 760 650 Time 

00 000 

00 000 

0oCioo 

00000 

O o  000 

o*ooo 

O o O Q Q  

00 000 

OOOO(6 

00 000 

00000 

0,000 

OoOOO 

0, OOQ 

0,000 



Table 111-6. Absorbances Used t o  Determine k: f o r  the Thermal Deoarboxylatian 
of Ma1o.ni.c Acid i n  KBr a t  149,O . 

I n i t i a l  Absorbances for Indicated Bands (K) 

Pel- 
l e t  Pe l le t  
NO.  3000 1700 1440 1310 1300 1175 900 760 650 Time Weight(g) 

Absorbances After Indicated Heating Intervals 
Pe l le t  



Table 111-7. PLOTFA (see Appendix I )  fo r  Indicated Bands (K) for  theo 
Thermal Decarboxy1atio.n of Malo.nic Acid i n  KBr a t  149.0 . 

3000 1700 1440 1310 1220 1175 900 760 650 Time 

10134 0,933 0,785 00000 1,141 0,987 O o O O O  O o O O O  0,000 30e0 

0-000 1-025 00000 0a000 00000 00000 80000 0o000 0+000 3500 

0,000 1,044 0,000 00000 00000 O a O O O  00000 O o O O O  O e Q 0 0  4008 

O o O O O  1.210 00000 00000 O o O D O  0oOOO O o O O U  O o O O O  00000 4 5 0 0  

00000 1,245 0,000 OaO00 00000 00000 00000 00000 O e O O O  5000 



Table 111-8. Absorbances Used to Determine kf f o r  the Themnal Decarboxy1atio.n 
of Malo.nic Acid i n  KBr a t  146.3°. 

,I  I n i t i a l  Absorbances for Indicated Bands (K)  

Pel- 
l e t  Pe l l e t  

$.No. 3000 1700 1440 1310 1300 1175 900 760 650 Time 

Absorbances Aftek Indicated Heating Intervals 
P e l l e t  

1 00745 1*628 0,836 OOaOO 10050 0-523 00555 00000 0,389 5,0 0,23662 
2 0,506 1-39"? 0,683 00000 00759 0,385 0,362 00000 00293 705  Q*20ESOP 
3 00000 Om000 0,000 00000 0,000 OoOOO OoQOO OoOOO 0a000 000 O o Q Q O U O  
4 0o000 0,000 OoOOO On000 OoOOO 0,000 0e000 0a000 0,000 000 Oo00008 
5 09172 00546 00261 0,000 00240 00182 0,128 00000 00182 1500 8ol.4981 
6 0,133 0,292 0,152 00000 0,119 0,231 00059 00000 00166 1705 0013856 
7 0,158 0,383 0,194 0,000 0,146 0-167 00079 OoOOO 0,134 2000 O o  17208 
8 00102 0,219 0-128 0*000 00114 00165 0,055 00000 0,075 2203 0019762 
9 0-092 0-195 0,134 OaOOO 0-091 00379 00051 OoOOO 0,050 2500 0, kg228 

10 0,053 0,152 00073 0,800 0,071 Q e B O O  OeO1Z OoOOQ Om0831 '3000 0 , 2 0 3 9 4  
11 0,037 0,097 0,061 0,000 0,044 00638 60022 0000+0m 002 35sO 0,20029 



Table 111-9. PLOTFA (see Appandix I) f o r  Indicated Bands (K)ofor the Thermal 
Decarboxy1atio.n of Malanic Acid i n  KBr a t  l46,3 . 

3000 1700 1440 1310 1220 1175 900 760 650 T h e  



Table 111-10. Absorbances Used t o  Determine k: fo r  the Thermal Decarboqlatian 
of Malo.nic Acid i n  KBr a t  144.9 . 

I n i t i a l  Absorbances f o r  Indicated Bands ( K )  

l e t  P e l l e t  
No. 3000 1700 1440 1310 1300 1175 900 760 650 Time ~ e i g h t ( g )  

--- - 

1 00587 0-743 0,709 01591 0,972 Om780 0,685 0,263 0,569 
2 00589 1,390 0,759 0,627 1,133 0,846 0,695 0,272 0,609 
3 0,488 1,079 00595 0,512 0,889 0,672 00577 0022% 00508 
4 0,451 0,920 0-549 00468 00737 0-610 00513 0,194 00438 
5 0,480 1,119 00581 0-498 00822 0,534 0,897 0,190 00476 
6 0,450 0,,946 0,529 0,453 0,745 0,599 0,510 0,185 00457 
7 0,319 ,00667 0,380 0,322 0-554 0,429 0,359 0,141 0,325 
8 00402 0,869 0-487 0-416 00690 00539 00470 00177 0,416 
9 0 0 3 7 2  0,754 0,429 Oo37f 0-620 0,489 0,416 00159 00387 

10' 0,483 1,016 0,579 00497 00844 00647 0,555 00201 0,475 

Absorbances After Indicated Heating In te rva l s  

3000 1700 1440 1210 1220 1175 900 760 650 a 
1 la229-O.o512-0o523 00000-On530 0-955 0,992 0,000 0,559 
2 0PDOD 0,000 0 ~ 0 0 0  00000 00000 0,0OC9 00000 oooof) 0,000 

0,773 1,741 0,671 00000 00822 00485 00371 Do000 00206 2 0.467 1.267 OmB0Z O0QOO 0.689 0,496 0.356 OOO00 0.181 
5 00353 0-945 00475 00000 0,535 00297 0,249 O o Q Q O  0,169 
6 0,228 0,555 0,328 0,000 0,343 00255 0,164 aoooo 0,064 
7 0*116 0,235 0,156 0,000 00148 OoL91 OoO64 O o O O O  O o O l O  
8 0,134 0,295 0,191 O o O O O  OOl78 00218 0,078 00000 0,018 
9 OoO?O 09163 00096 0,1006 00097 00125 OoOOO 00000 0oOBl 

10 0,081 0,179 0,110 0,000 Ool10 0,855 0,000 0,000 0,000 

P e l l e t  



Table 111-11. PLOTFA (see Appendix I )  for  Indicated Bands  for the  Thermal 
Decarboxy1atio.n of Malo.nic Acid i n  KBr a t  144.9 , 

3000 1700 1440 1310 1220 1175 900 760 - 650 ~ h s  



Table 111-12. Absorbances Used t o  Determine kt f o r  t he  Thermal Decar;bQxylat;Bo~n 
of Malanic Acid i n  KBr a t  138,9O. 

I n i t i a l  Absorbances fo r  Indicated Band.s ( K )  

Pel- 
P e l l e t  

l e t3000  1700 1440 1310 1300 1175 900 760 650 Time Weight(g) No: 

Absorbanees After Indicated Heating In te rva l s  
Pella t 

1' 00869 0,000 10147 0,694 1e444 00658  0,671 0,162 0,387 5 0 3  00%84C)P 
2 0-276 0,522 00301 0,198 0034% 00219 0,172 0,835 0-08-6 1800 69148C37 
3 0-529 1,268 0,557 0,362 0,590 0,434 0,302 Q0073 0ol!5% 15,0 0 , l S d O O  
4 0,509 1-273 0e625 00382 0,704 00432 00385 0,898 0,183 2000 00197'54 
5 00332 0*776 0044% 0-280 0,483 00248 0,236 0,056 O o E l l  2 5 0 0  O o P 8 b i 2  
6 0045% 1,119 Oeblt1 0,374 00654 00370 00322 0-089 00 155 3000 0,25445 
7 0,274 8 ,625  0,373 8,232 00403 00291 00198 OO04t) 008E3k 35,0 0,2h4R:3 
8 0,186 00434 0-282 Ue184 0,284 0,180 00147 0,040 00044 46,U 8,28043 
9 0,150 0,298 0,226 0,000 0,196 0,000 00109 0,000 0,000 4500 Oo20QB8 

10 0,117 0,244 0-170 00000 0,000 0aOO0 00080 0-000 0-000 5000 8o20408 



Table 111-13. PLOTFA (see Appendix I) f o r  Indicated Bands (K)ofor t h e  Thermal 
Decarboxybtio.n of Malo.nic Acid i n  KBr a t  138.9 , 

3000 1700 1440 1310 1220 1175 900 760 650 Time 



Table 111-14. Absorbances Used t o  Determine k t  for t h e  Thermal DecaFboxy3.a~o.n 
of Malanic Acid. i n  JI;Br at 131.9°0 

I n i t i a l  Absorbances for Indicated Bands (K) 

Pel- 
l e t  Pel 1.e t 
NO. 3000 1700 1440 1310 1300 1175 900 760 650 T ~ I T M  ~ & ~ h - t ; ( ~ )  

Absorbances After Indicated Heating In te rva l s  



Table 111-15. PLOTFA (see Appendix I) for  Indicated Bands  for for the Thermal 
Decarbow1atio.n of Malo.nic Acid i n  KBr a t  131.9 



Table 111-16. Absorbances Used t o  Determine k; f o r  the  Thermal Deoarboxy1atio.n 
of Malanic Acid i n  KBr a t  158.1 , 

I n i t i a l  Absorbances for  Indicated Bands (K) 

Pel- 
l e t  P e l l e t  
Nb;3000 1700 1440 13x0 1300 1175 900 760 650 Time weight(g) 

Absorbances After Indicated Heating In t e rva l s  



Table 111-17. PLOTFA (see Appendix I) for  Indicated Bands ( K )  f o r  theo 
Thermal Decarboxylatio.n of MalQnic Acid i n  KBr a t  158.1 . 

0-653 00590 0,566 0o000 0,656 00823 00000 OoOO0 0e000 1100 

0,644 0,552 00612 OoOOO 00700 OoO00 OoOOO 0,800 0o008 1205 

0,895 0,824 00000 0,000 0,851 00000 00000 00000 09000 15-5 

00832 0,647 00000 OoOOO 00000 00000 0,000 0,000 OoOOO 15-0 

0,972 0,923 00000 00000 0,000 00000 Do000 OoOOO OoOOO 1705 

0,663 1,093 00000 0-000 OoOOO 00008 00000 0,000 00000 2000 



Table 111-18, Absorbances Used t o  Deter-mine k t  for the Thermal Decarboxy1atio.n 
of Malanic Acid i n  KBr a t  158,1°. 

I n i t i a l  Absorbances for  Indicated Bands ( K )  

Pel- 
l e t  Pe l le t  
NO. 3000 1700 1440 1310 1300 1175 900 760 650 Time Weight(g) 
1 00276 0,574 0,382 0,346 0,470 00434 00402 0-183 00324 0,24242 
2 0,277 0,544 0,360 00324 00449 00404 0,373 00175 0 ,300  0920277 
3 0,252 01494 9,320 0.299 0,406 0,363 0-335 0,157 0,278 0.20672 
4 0,250 0,497 0,334 0,311 0,413 0,379 0,455 0,170 0,280 0- 19426 
5 0,212 0-423 0,239 0,271 0,357 0,333 0033.4 00152 0 - 2 5 3  0,21637 
6 0,236 0,499 0,325 0-283 00607 00376 0,350 0,163 O0264 Oe21d,81 
7 0-249 0 -526  0.350 0-325 0,443 00392 0,372 Q0188 0,363 0, 18623 
8 0,273 0,546 0,360 0,327 0,451 0,412 0,384 00178 0,303 0020837 
9 0,245 0-325 0,341 0,326 0,424 0,390 0,367 00172 0-292 0,19977 

10 0,248 0,492 0,329 00299 00405 00375 0-353 0,158 0,279 00 19936 

Absorbances After Indicated Heating Intervals 
Pel re t 

3000 1700 1440 1210 1220 1175 900 760 650 - Time weightgg) L * 

1 le3.17 0-000 1,338 00858 Pa592 0090% 0 , 9 3 8  0,324 0059% Po0 0u24804 



Table 111-19. PLOTFA (see Appendix I )  fo r  Indicated. Bands (K) f o r  thg  
Thermal Decarboxy1atio.n of Malo.nic Acid. i n  KBr a t  158.1 . 

3000 1700 14.40 1310 1220 1175 900 760 65 0 ~ i m e  

-0,bIL 0,000 -0,549 -0,399 -06534 - 0 0 3 2 1  -0,390 -0,252 -0,270 190 



Table 111-20, Absorbances Used t o  Determine k t  f o r  the Thermal Deca rb~xy la t i~n  
of Ma1o.ni.c Acid i n  KBr a t  161,0°, 

I n i t i a l  Absorbances for Indicated Bands ( K )  

Pel- 
l e t  Pe l le t  

Absorbances After Indicated Heating Intervals 

Pel l e  t 
:'he weight ( g  ) 

1 -0  Oo13231 
2 0 0  0 , 8 8 3 3 2  
3 e O  Oa27L65 
4 - 0  Oeiit3l.32 
508 0 0 2 2 6 4 7  
6,8 13,23707 
7,O 8,21489 
8 a O  0*21305 
9-0 Qa2327E 
10,0 0 ,26525  



Table 111-21. PLOTFA (see Appendix I) f o r  Indicated Bands (K)ofor t h e  Thermal 
Decarbow1atio.n of Malo.nic Acid i n  KBr a t  161.0 . 



Table 111-22. Absorbances Used to Determine k; f o r  t h e  Thermal Decarboxy1atio.n 
of Malo,nic Acid. i n  KBr a t  167.0 . 

I n i t i a l  Absorbances fo r  Indicated Bands ( K )  

Pel- 
l e t  P e l l e t  
No.3000 1700 1440 1310 1300 1175 900 760 650 Time 

Absorbances After Indicated Heating In te rva l s  
P e l l e t  

Time ~ e i g h t ( a )  

000 0,00000 
200 0,26712 
3 0 0  Oe26100 
4-0 0,2774'3 
5 - 0  0021874 
600 0,21249 
7* 0 Oo 2051-55 
800 002S191 
0,O 0100000 
000 0,000Zla0 



Table 111-23. PLOTFA (see Appendix I) for Indicated Bands ( K )  f o r  the Thcr:-.l 
Decarboxy1atio.n of Malo.nic Acid i n  KJ3r a t  167,0° 

0.000 0.000 0 ~ 0 0 0  0,000 0,000 O o Q O O  c,000 0,000 O,BBO ea . rs 
-0-330 0.0110 -0,310 -00144 -0,294 -00102 -C ,%06  fI0057 0,tJiB 2 , O  

-0-209 -01329 -0,187 -0-021 -0,181 -0-007 0,034 0,232 0*1&4. 3i. Ct 

0-010 -0-126 00012 0,145 00037 0,228 C - 2 9 3  0,545 0,447 J+ tj 

0-255 00191 00300 0,000 0,355 O o O O O  0.650 0,000 1,042 'P g 8 

0.427 0,446 0,470 0,000 00556 O o O O O  0,000 O o o O U  0.600 h ,  U 

00639 0.512 00000 00000 00000 00000 Om006 0,000 OeOfIO 7 0 il 

0.840 0-710 0,000 0,000 60000 OoOGO U e 1 3 0 0  U o O O O  Q e B O O  8 a 0 

O o O O O  0-000 00000 0,000 0,000 0,000 O o O O U  O a O O Q  0,000 R,b> 

0,000 0,000 0.00~1 O ~ O O U  O ~ O O O  O ~ S I I O  coor3o 0,000 O ~ D G J  fl 



Table 111-24. Absorbances Used t o  Determine k to fo r  t he  Thermal Decarboxylation 
of Malo.nic Acid. i n  RbBr a t  158.5 

I n i t i a l  Absorbances f o r  Indicated Bands ( K )  

Ye1 - 
l e t  P e l l e t  

101192 0-354 0,247 0,213 0,302 00282 0,261 0-133 0,242 O* 16618 
2 0,195 0,396 0.270 0,224 0,330 0,299 00267 01136 00235 OoI.71-/1 
3 0,251 0,512 0,335 0,292 0,445 Go402 0-360 '2,186 0,319 0123055 
4 0,241 0-481 0-348 0-287 0,432 0,394 0,370 C,200 0,330 0,21538 
5 0-193 0,394 0.257 0,222 0,335 0,305 0,266 0,132 0,244 Oe17tiO7 
6 0.239 0,419 0.271 0,214 0,329 0,297 0,270 C-128 0-347 0-20993, 
7 0.264 0,525 00338 0,289 00448 00395 00349 0,183 0,314 0,213U4 
8 0-242 0,556 0-356 0,317 0,469 0,428 0,387 Ce204 0,347 0,251452 
9 0-250 0,520 0,355 0.305 0.449 0,397 0,365 0,192 09327 Ci* 250'90 
10 0.246 0,332 0,201 0,167 0,255 0,233 00206 0.117 0,295 0 , 2 3 4 0 2  

Absorbances After Indicated. Heating In te rva l s  

P e l l e t  
Time weight (g ) 

$ e  9 oc 1 ' 2 q > t ? q 3  

5 * 0  (It ~ C , f ! i  2 
6 , 0  $ , I ,  ,3131 : 
7, 0 Qe2Ci ' ; l&O 
8,0 0, it5919 
900 O c d 0 2  1'3 

I o e O  0a2P44.5 
&Lao  0 0 2 3 5 5 8  
1 3 , O  Q o 7 4 5 Q O  
15,0 0 , 3 2 5 ~ 1  



Table 111-25. PLOTFA (see Appendix I )  f o r  the Indicated Bands (K)  f o r  :he 
Thermal Decarboxybtian of Malo.nic Acid i n  RbBr a t  158.5 . 

00046 0-076 00086 00000 00202 -0,088 0,198 0,000 0,203 9eO 

0.178 0,202 0,237 00000 00396 00129 00499 OoOOO 0,257 1 O e O  

00258 0,233  0,345 0-000 00451 0,397 1 0 1 1  00600 0,OOQ I P o O  

0-000 0,488 0,740 0e.000 0,720 Om614 0o000 OoOOO O * O O O  1300 

0-000 01200 00000 0-000 0,309 00280 OoQOO 0-000 0,000 B 5 e 0  



where A i s  the absorbance of the reactant  remaining a t  time t ,  
t 

Subst i tu t ing equation (7) i n t o  equation (4) and. assuming constant 

density gives,  

k ' t  = log - 
AyWo 

where k t  = k/2,303, 

The f i r s t  ord.er r a t e  co.nstants f o r  a given reacti0.n tempera- 

t u r e  can now be obtained by p lo t t ing  log A ~ ~ ~ ~ / A ~ w ~  (PLOTFA of 

Appendix I )  z, t, The r e s u l t  should be a s t r a igh t  l i n e  of slope k t  

from which k can be obtai.ned., 

Figures 111-5 through 111-13 show the  r a t e  constant p lo t s  f o r  

the KBr malo.nic acid  system a t  158 .0~ and for  the RbBr-malonic acid. 

system a t  158,5O, The 900 K absorptian band. i n  the  RbBr-malo.nic 

acid  system gave such random points t h a t  .no sensible l i n e  could. be 

drawn through them, Tables. 111-8 through 111-25 give t he  data from 

the  other experimental runs both i n  the raw data and as t h e  f ac to r ,  

log I AoWt ~ A ~ w ~  I (PLOTFA) 

From the  experimental r a t e  co.nstants and. t h e i r  corresponding 

temperatures several  thermod.ynamic parameters can be determined for 

the  thermal d.ecarbo.xy1atio.n of malo.nic acid,  



These themodynamis q u a n t l t  i e s  fare deteruaztrred ors t h e  bas is o f  

t he  theory of abso lu t e  r e a c t i o n  ra tes .  According t o  the theory s f  

abso lu t e  r e a c t i o n  r a t e s  

where 

% = Bol tmann ' s  Constant 

h = Planek 's  Constant 

R e Universal  gas cons tan t  (caP/msLe. deg) 

as+ = entropy of a c t i v a t i o n  

$: A H  = enthalpy sf a c t i v a t i o n  

T e abso lu t e  temperature 

This  equa t ion  shows t h a t  a p l o t  of log k/T versus  L/T should y i e l d  a 

s t r a i g h t  l i n e  of lope - & /2.303R and with an i n t e r ~ e p t  a t  

( 1 / T  = 0) of log A p l o t  of log k/T versus  1/T for 

t he  f i v e  absorp t ion  bands of malonic ac id  used i n  this work is shown 

i n  Figure 111-14. The p l o t  g ives  a va lue  f o r  AH' of 25.7 7 l kircl/mol 

and a va lue  of A$ of - 10 .5  t eal /a tole .  deg. The d a t a  which gave r i s e  

t o  t h i s  p l o t  are given i n  Table 111-26 along wi th  ehe va lues  f o r  k 

* The free energy change f o r  the r e a c t i o n  (Be ) can be ca l cu l a t ed  
T' 

a t  a given temperature from the equat ion 



= 3000 K Band 
A = 1700 K Band 
0 = 1440 K Band. 
0 =  1220 K Band 
v = 900 K Band 

Figure 111-14, Combined Enthalpy of Activation Plot for -the Thermal Decarboxylation of Malonfe 
Acid in KBr at Temperatures from 138.9O to 167.0~. 



Using a  temperature of ~5', a value f o r  80' o of 30.0 + 1 kcal/mole 13s - 

i s  obtained, 

Crit ique of the  Mubtipellet Method 

In  the  e a r l i e r  stages of t h i s  research two d i f f e r en t  methods 

were developed f o r  obtaining k ine t i c  data f o r  the  thermal decarboxyla- 

t fon of malonic acid i n  a l k a l i  hal ide  mediao One of these  methods, 

the  s ing le  p e l l e t  method, involved heating a  s ing le  p e l l e t ,  i n  which 

t he  r e a c h a t  was incorporated, f o r  a  known p e r i d  of time, The p e l l e t  

was then repressed and i t s  in f ra red  spectrum obtained, This procedure 

was then repeated as many times as  necessary %0 dr ive  t he  desi red 

reaction t o  completion, The method, although used by other research- 

e r s  33-379 has ra ther  serious drawbacks. One drawback i s  i t s  vulner- 

a b i l i t y  t o  accidentso I f  a  p e l l e t  i s  broken or otherwise becomes 

unusable i n  the  course of an experiment, then it i s  necessary t o  re-  

peat  the  e n t i r e  experiment using another p e l l e t ,  Another more serious 

drawback i s  re la ted  t o  p e l l e t  hsa-bug timeo The p e l l e t  heatug time 

i n t~oduces  a  lag  i o t s  t he  measured t h e  during a  k ine t ic  run, This 

necess i ta tes  some correction sf the  elapsed time before use i n  sb- 

t d n i n g  r a t e  constants, men a p e l l e t  i s  heated f o r  several  time 

in te rva l s  t he  eyrsrs  irr correction fo r  the heating t h e %  accumulate 

causing an expansion or contraction of the  t h e  sca le  and a  correspond- 

i n g  e r ro r  i n  de t emfnausn  of the  r a t e  constantso This  e r ro r  i s  

p a ~ d i c u l a r l y  detrime~tal in kLnetic r u n s  at temperatures which grs- 

duee ~ h o r t  half Iiales (5-16 minutes) s ince  the accw~ulated e r ror  

Lends t o  become a n  sizable quantity in the  t o t a l  beating time. 



,Mainly as a means of circumventing the problem of heatup time, 

another procedure was developed for  obtai.ning the .necessary kinet ic  

data, This method involves the use of several differant  pe l l e t s ,  

a l l  from the same mixture s f  malonic acid and s a l t ,  It i s  called., 

i n  t h i s  work, "the multipellet  method, 'I 

The procedure used t o  obtain data by the multipellet  method has 

been described i n  the experimental section of Part 111 and the t rea t -  

ment of the data sbtaened i s  described i n  a previous section, The 

multipellet  method yielded. consistent resul ts .  The mulepel le t  

method does, however, genepate quite a large mount of data, making 

the use of an electronic computer a r e a l  asse t ,  

In the i n i t i a l  stages of a kinetic run the absorbance of the 

pe l le t s  showed an increase, A s  can be seen i n  Figures 111-5 through 

III-l3, i n  the i n i t i a l  stages sf the deearboxylatisn of malonic acid, 

the quantity Log h /Id A] or PLOTFA (see Appendix I) i s  
A 0  o - t ,  

negative in sign, This can occur from two causes, (1) a loss i n  

pe l l e t  weight and10-s (2)  an i n i t i a l  increase i n  absorbance, The loss  

i n  pe l l e t  weight i s  a natural co.nseqluenee of the repressing proce- 

dure and i s  corrected. f o r  i n  the data hand.lfng sequence, Moreover, 

i f  pe l l e t  weight alone were responsible fo r  the .negative sign, a 

loss  i n  pe l l e t  weight s f  5@ would be required to  make PEOTFA nega- 

t i v e  by approximately 8,3. The normal weight loss  upon repressing 

i s  approxbately 0, 00lg o r  (lor$, 
An hitid increase i n  absorbance appears t o  be a. more reason- 

able e ~ l a n a t i s n  of the negative s i g n  for  PLOTPA, An ewlanation 



might be as follows: the working temperature i s  above the melting 

point of malonic acid (136') so t h a t t h e  material might fuse and 

begin t o  disperse throughout the pe l le t ,  A more uniform dispersi0.n 

should resuPt i n  an increase i n  absorbance of malQnic acid, i n  the 

pe l le t s .  

 artm man" solved the problem of changes i n  the i n i t i a l  absorbances 

of his compounds by subjecting his pe l le t s  t o  an annealing perioda 

However, his working temperature was 200-300 whi ch allowed annealing 

a t  100 without preliminary deoomposition. In the present work, 

the annealing procedure i s  impractical since temperatures as 1m as 

80' were found t o  bring about thermal decomposition of malonic acid 

and l m e r  t m p r a t u r e s  had no ef fec t  upon %he i n i t i a l  absorbances of 

the pe l l e t so  Fortunately, %he Paabili ty t o  anneal the pe l le t s  did 

.not create major problems since %he time required for the absorbances 

t o  reach m a h u m  values was approximately 2 minutes a t  l4o0, a f t e r  

which a decrease i n  absorbance occurs due to decomposition of the 

sample, It i s  interesting to  note tha t  the t h e  required f o r  the 

absorptions lx reach m a x i m a  i s  approximately equal to  the pe l l e t  heatup 

time, This would indicate tha t  the anomalous absorption behavior i s  

indeed dependant upon ei ther  the fusion and dispersion of malonic acid 

i n  the pe l l e t s ,  or the phase change of malonic acid, It is believed 

from the present reseax-ch, tha t  the changes i n  i n i t i a l  absorbances 

are the r e su l t  of bet ter  dispersion sf the sample i n  the pel le ts .  

In the use of the quantity I sg  another advantage 

sf the mult ipel le t  method i s  apparanl, Since t h e  pe l l e t  weight and the 



absorbance appear as ra t ios  i n  the l o g a r i t h  factor some of the errors 

due t o  dispersian of the sample i n  the matrix a re  reduced, For 

instance if the or iginal  mixture were not quite homoganeous, the 

error associated with the inhomogeneity would produce a srnall re la t ive  

error since the correctiQns fo r  inhomogeneity woi~.ld appear as additive 

terms i n  both the divisor and the dividend, I f  t h i s  were the ease, a 

s l igh t  t a i l i ng  of the resul tant  plots would be expected a ~ d  i s  indeed 

found, i n  some cases, 

Reaction Mechanisms for  the ThermaP D e c a ~ b x l a t i o n  o 

Frankel, e t  a131 have proposed a meohanism fo r  thermal decarboxy- 

l a t ion  of acids which has bean generally accepted. Frankel's rneehaniml 

involves the formation of an activated complex betweau! an eleetro- 

ph i l i c  carbonyl carbon atom and a nucleophi.lic canter or! the solvent. 

This mechanism is  supported by the  f a c t  t ha t  H decreases with i n -  

creasing solvent basicity.  Frankel, e t  a131 a l s o  noted a l inear  

dependence of the r a t e  of decar'boxylatAo.n upm the  conceurt~otion of 

a strang m i n e  base, pyridine. They also discovered tha t  the reactian 

r a t e  dependence disappeared a t  a 1:l mole r a t i o  sf m i n e  base -tQ 

malonic acid, indicating tha t  the reactiao is  bimclerr;ular, On the  

basis of the above informatian, Frankel p~oposed two possible mechanisms 

for  the thermal decarboxylation of malonic acid, showing no pefeapatace 

between the two mechanisms, These mechanisms are depicted i n  Figure 

111-lfi with pyridine as the complexing species. 
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Figure 111-15. Reactian Mechanism ~ r o ~ o s e d ~  for :he Thermal. 
Decarbo,qhLion of Malonic Acid, 



Kenyon and ROSS" observed t h a t  unsymmetrically d i subs t i tu ted  

malonic acid does not p~oduce  s g t i c d l y  act ive  ace t ic  acid upon de- 

ca rboq la t fon ,  This would support mechanism A ,  Figure 111-15, s ince  

production of a racemic mixture of d- and %-unsymmetrically disubst i -  

tu ted ace t ic  acid  would require formation of a carbon-carbon double 

bond a t  some point f n  the  reaction mechanism, 

Blades and wallbridge14 observed t h a t  m l o n i c  acid  exhibi ts  

no k ine t i c  isotope e f f e c t  upon deuteration,  This absence of an iss- 

%ope e f f e c t  suggests t h a t  t he  r a t e  determining s tep  i n  t he  decarbsxyla- 

Lion i s  the breaking of a carbon-carbon bond ra ther  than t he  forma- 

t i a n  o r  d i  s s o c h t i o n  of a hydrogen bond, 

Clark 23925p as  a r e su l t  of h is  ~ t u d i e g  of the  thermal decarboxy- 

l a t i on  of malonic acid i n  numerous solvents,  has proposed tha tmalan ic  

acid  decomposes by the same mechanism as do K-unsaturated acids 

i n  general  (bas ical ly  mechanism A i n  Figure I I I - l 5 ) ,  This proposi- 

t ion  i s  supported by   lark^' i n  reference t o  i sok ine t ic  temperature 

plots.  When AH* i s  p lo t ted  versus AS' f o r  a given s e r i e s  of 

reactions i n  various solvents,  t he  r e su l t  i s  a s t r a i g h t  l i n e  of slope 

38 T, t he  isokinet ic  tmpera ture ,  Petersen and co-authors have point- 

ed out t he  l imi ta t ions  i n  t he  use of t h i s  formulation i n  drawing 

v d i d  ec\nc3usions0 Petersen et d established requirements which must 

be s a t i s f i e d  by the  data. used before the  conclusion dram from use of 

26 
t h e  data can have valid meanings, The data obtained by Clark appear 

t o  sa"r,%sfy these  requ$remer~"e~ Clark has observed t h a t ,  Pay a99 of the  



solvents studied thus f a r  as media f o r  t h e  dscarboxylation of mal0nic 

acid, the AH* and AS ' values when plotted f o r m  a s t ra ight  l i n e  * with a slope of 4.22' K (149" c). The AH and AS' values fo r  the 

decarboxylatio.n of molten malo.nic acid. also %'dl o:ti the same s t ra ight  

l i ne  as those from various solvel?tso 

$ * * AS a ~ d  A G ~ ~ ~ ~ ~  values o b t a i ~ e d  Table 111-27 shows the AH 

by Clark f o r  the decarhoxylation of malon%e acid. 3.n various selected 

solvents, as well as the values fo r  n~olten ~nalonic acid22, and the 

values obtained i n  t h i s  work f o r  malo.nic acid ku! KBr, It can be seen 

tha t  the values obtained i n  KBr are  comparable to  those obtained i n  

other solvants, indicating tha t  the same mechanism prevails i n  each 

case. It can also be s e w  tha t  the AB+ value f o r  decarboxylatian 

of malo.nie acid i n  KBr is s ignif icakt ly lower than t h a t  obtd.ned for  

molten rnalanic acid,  T h i s  could be the r e su l t  of an activation 

ef fec t  due t o  the a lka l i  halide medium, 

Compariso.n of the reacti.0.n ra tes  i c  KBr wit11 those obtained i n  

RbBr reveals no s ig~nif icant  diffwavlces i n  ~.eaetio.n ra tes  throughout 

the ser ies .  This i s  the expected ef fec t  if  the above mechanism 

were the t rue  reactian mechanism, sinoe the .nucleophilic halide 

anian would be responsible f o r  the activatio.n effect .  1nvestigakio.n~ 

of the e f f ec t  of the ani0.n upon the reaction r a t e  would be most mean- 

ingful but a re  i m p ~ a c t i c a l  i n  % i s  case due ta the interfer ing double 

An interest ing obsep.vatiu~~. is t h e  f a c t  found in t h e  ressax-ch 

tha t  so l id  malonic acid also ur~dergoes thermal decarzbsxylation, This 



Table 111-27, Activation Parameters f o r  t he  Thermal Decarboxylation 
of Malonic Acid i n  Several Media. 

1-Butanol 22 

1-Hexanol 22 

2-Ethylhexanol-1 22 

Di isobutylcarbi to l  22 

Cyclohexanol 22 

Acetanil ide 22 

Molten Malanic Acid. 25 

Malo~nic Acid i n  -KBr 



0 
reactio.n, although slow, proceeds a t  a measurable r a t e  at1 80 ; a 

temperature well  below the melting poivlt of malclnic acid (136'). 

An 80' kinetic run was made i n  an attempt t o  establ ish whether the 

sol id  s t a t e  decompositi0.n occurred from the /?or G h a s e  of malQnic 

acid. The malonic acid decomposed slowly a t  80° which i s  25' below 

the reported phase t ransi t ion temperature. 'Therefore, it appears 

tha t  malanic acid can a lso  decompose from the P phase. No lower 

temperature runs were attempted s ines  the reactio,n ha l f - l i f e  of approxi- 

mately 6 weeks a t  80' was well  beymd the at tent ion span of the  

researcher involved. 

Canclus iQn 

In  cQnclusio,n, it should be pointed out t h a t  the multipellet  

method, as outlined i n  th is  work, enables the collection of data on 

the decarboxylation of malonie acid a t  temperatures higher than were 

previously possible, The.mture of the method a1J_ows the study of 

reactions with half-l ives as  low as 4 micutes without s ignif icant  

problems. This allowed the use of reaction tenlperatures which were 

15' higher than those previously reported. Further refinement of 

the method should allow the  study of r eac t ims  w i t h  even lower half 

l ives .  

This work has fur ther  shown the f e a s i b i l i t y  of determining 

reaction r a t e  parmeters  i n  s o l i d  s a l t  media, The r e su l t s  obtained, 

i n  t h i s  case, agree w e l l  w i t h  those obzained i n  o t l e ~  media and a l s o  



with those  obta ined  i n  t h e  molten s t a t e ,  However, a s  po in t ed  o u t  i n  

P a r t  11, of t h i s  d i s se r t a t i o ,n ,  t h e r e  are obs t ac l e s  t o  overcome p r i o r  

t o  u s e  of t h e  pressed  p e l l e t  method. 
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APPENDIX 

The program l i s t e d  below was w r i t t e n  by t h e  au thor ,  e s p e e i d l y  

t o  handle t h e  da t a  obtained. from t h e  "mult ipelbet"  method (See 

Gevleral I n t r o d u e t i s n  and Fkper imantd  and P a r t  III of t h i s  d i s s e r t a -  

-b.lo.n), It was modified by Charles  S o  Shoemaker t o  produce output  o.n 

t h e  C a l c a p  P l o t t e r o  The program was w r i t t e n  i n  Fo r t r an  I V  and is f o r  

u s e  an an IBM 7040 Computero 

The program a s  m i t t e n  i s  f o r  u s e  wi th  f i rs t  order  r e a e t i a n s  b u t  

can be  modified f o r  r e a c t i o n s  of o t h e r  o r d e r p  For example, t h i s  could 

be accomplished by changing s ta tement  .number 3.243 t o  read ,  

I f  t h i s  is done t h e  punched c a r d  output  should be d i sca rdedo  

The Ca lcmp  p l o t t e r  ou tput  i s  a p l o t  sf PLOTFA vepsus t i m e  

f o r  t h e  enbsorptio.n band.s fol lowed during t h e  course  sf t h e  experime.nt, 

A d i f f e r e n t  cha rac t e r  i s  used t h e  p l o t  f o r  each of t h e  bands 

f o l l m e d  dur ing  t h e  course  of "ee experime.rat, 

A legend appears an %he p l o t  i d e n t i f y i n g  which c h a r a c t e r  

yepresents  which absorpt-3.o.n band, These c h a r a c t e ~  i d e n t i f i c a t i o n s  

a r e  b u i l t  i n b  t h e  program b u t  may be changed by r e f e r r i n g  $0 ISN 366 

through 414, 

The p r o g r m  also proc%uces a punched card ou tpu t  i n  t h e  format  

accepted by the E K T N 1 "  p r s g r m ,  

--- - - ...--.------ 
* C ,  E, h t a r  and Do F, Dstas, "Least Squares Treatment o f  F i r s t  

Order Rate Data, " P r o g r a  80, Quaritun Chemis t r y  Program Exchange, 
Iulaana Unive r s i t y  (1967 1, 



The o r d e r  o f  t h e  c a r d s  i n  t h e  d a t a  deck is shown below a l a n g  

w i t h  r e p r o d u c t i o n  sf t h e  d a t a  c a r d s  desc r ibed .  

Card Group 1: T h i s  c a r d  is a c o n t r o l  c a r d  which e s t a b l i s h e s  t h e  1 i tn i - t ;~  

sf several do-%oops i n  t h e  p r s g r m ,  It should have 5 

numbers on i t ,  A r e p ~ o d u c t i o n  o f  t h e  ca rd  i s  s h o r n  be- 

low a s  Card n d e r  1 ,  The n e c e s s a r y  numbers a r e s  

(1) 1 RUN - This  i s  a d a t a  i d e n t i f i c a t i o n  number chosen by 

t h e  r e s e a r c h e r ,  I b h o u P d  c o n t a i n  a maximum of  f i v e  

d i g i t s  punched i n  a n  15 f o r m a t  i n  c a r d  columns 1-5, 

r i g h t  j u s t i f i e d ,  

( 2 )  NTJMIEI- This i s  t h e  number of p e l l e t s  heated i n  t h e  

k i n e l i e  r u n o  The maximum al'2owable number is 

e s t a b l i s h e d  i n  t h e  DmNSIQN s t a t e m e n t s .  NUI%'HEP 

s h o u l d  occupy ca rd  columns 6-10 i n  an 15 fo rmat ,  

(3) ~ ~ $ I -  This  i s  t h e  number of p e l l e t s  o r i g i n a l l y  pse-  

pared and t1.se3. t o  e s t a b l i s h  h a s e  abss rbances ,  If a 

s e r i e s  sf s p e c t r a  were  no t  used to e s t a b l i s h  a b a s e  

absorbance,  p a r t i c u l a r  c a r e  should b e  t a k e n  i n  choos ing  

which sf t h e  s.t;a.t;menLs numbered $248 is t o  b e  used, 

NUMDII should  be a number, wnuse maxinu. i s  e s t a b l i s h e d  

i n  t h e  B m N S I O N  s t a t e m e n t ,  punched i n  c a r d  columns 

11-15 fn a?> 15 fo rmat ,  

(4) TaUMBAl. - T k l s  is t h e  r~uariber of a b s o r p t i o n  bands which 

a r e  t o  be used f a  t h e  c a l c u 1 a k i o a ~ .  The m a x i m  sf 

WmA1 i s  e s t a b l i s h e d  i n  the DI%IENSEON s t a t e m e n t ,  



NUMBAl should occupy ca rd  columns 16-20 i n  an  15 

Format,, 

( 5 )  TEMl - This  i s  t h e  t empera tu re  o f  t h e  k i n e t i c  r u n  whose 

d a t a  a r e  being ana lyzed ,  IEMX should b e  punched i n  

c a r d  colum~s 21-26 i n  an ~6,l fo rmat ,  

Card Group 2s These c a r d s  beg in  t h e  raw d a t a  t o  be processed ,  They 

have t h e  b a s e l i n e  absorbance,  o r  t r a n s m i t t a n c e s ,  from t h e  

i n i t i a l  s p e c t r a  i n  t h e  f o r m a t  shown below as Card Number 2 ,  

They should a l s o  c o n t a i n  t h e  i n i t i a l  p e l l e t  we igh t s  i n  c a r d  

columns k6-52 i n  a n  F7.5 fo rmat ,  The t o t a l  number o f  c a r d s  

i n  t h i s  group should e q u a l  N U M D I I .  

Card Group 3: These c a r d s  should c o n t a i n  t h e  peak absorbances  o r  t r a n s -  

m i t t a n c e  r e a d i n g s  o f  t h e  a b s o r p t i o n  bands o f  t h e  i n i t i a l  

p e l l e t s .  The t o t a l  number o f  c a r d s  i n  t h i s  group shou ld  

e q u a l  NJMDII, The I'ommat o f  these c a r d s  i s  g iven  below a s  

t h e  r e p r o d u c t i o n  l a b e l l e d  Card Number 3 ,  

Card Group 4: These c a r d s  shou ld  c o n t a i n  t h e  b a s e l i n e  absorbances  o r  

t r a n s m i t t a n c e s  from t h e  s p e c t r a  o f  t h e  h e a t e d  p e l l e t s ,  

They should a l s o  c o n t a i n  t h e  h e a t i n g  times punched i n  c a r d  

columns 46-53. e n  an  ~ 6 ,  b fo rmat ,  and,  i n  a d d i t i o n ,  t h e  

w e i g h t s  o f  t h e  h e a t e d  p e l l e t s  i n  c a r d  columns 52-48 i n  an 

F7.5 f o r m a t ,  The t o t a l  number o f  c a r d s  i n  this group should 

e q u a l  NUMHEl, The fo rmat  of t h i s  group of d a t a  c a r d s  i s  

i11ust~r*ated below as Card Number 4, 

Card Group 5: These c a r d s  should c o n t a i n  t h e  absorbance o r  t r ansmi%tance  

r e a d i n g s  o f  t h e  a b s o r p t i o n  bands $n t h e  s p e c t r a  s f  t h e  h e a t e d  



p e l l e t s o  The t o t a l  number of cards i n  t h i s  group should 

equal NUb/lHE1, The format sf  t h i s  card group i s  shown below 

as Card Number 3. 

If data  from more than one k ine t ic  run are be analyzed 

NUMDAT (see the  four th  comment i n  the  program l i s t i n g )  should be changed 

and the  successive data s e t s  queued, repeating a l l  the  data card formats 

of card groups 9 through 5 ,  



1R 11 14 9 64U I 
a Thru 

Card Number 1: Format for Card Group 1 Above. 

- 
510 532 546 S- 7 s 9  582 23725 

A Thru I 
.I lhru 4 

s T&U z O ! ! ~ ~ ~ O O I ) O O O ~ ~ O O O O I ) O O U O I O U O O I U O O O ~ O O O O ~ O I ) O O ~ ~ O U O U O O O U G ~ : ~ O ~ ~ ~  
I : 1 8  I 6  i 8 9 1011I2I3I~I5I$I1ldI9~II7ZZJ14~X2l12s103IBU3(1)S1113~4l~41U~61~1O~~~IXUYQ%5111r)6061~~M 

A i ) l l l !  J l i l l l l l l ~ ~ l l l l l  A 1 I l l I l  J l l l l l l l l i l l l l l l  A l i l l i i  d 

, B  :7!:;.;(~ 2 2 2 7 2  S 2 2 2 1 1 2 2  B 2 2 2 1 2 2  K 2 2 2 1 2 1 8  1 1 2 1 1 2 2  6 2 1 ? 1 1 1  

i C 5 ? 6 3 1 >  L 3 3 3 3 3  T 3 3 3 3 3 3 3  C 3 3 3 3 3 3  L 3 3 3 3 3  T 1 3 3 3 3 5 3  C 5 3 3 4 3 j  

Card Number 2: Format for Card Group 2 Above. 



J 1 hro 4 

Card Number 3: Format for Card Groups 3 and 5 
Above. 

Card Number 4: Format for Card Group 4 Above. 



U S d t r f r T t  tJ t  i-dUi2ECK 
C ************$*******3%********************%******>%**$ * * 2  % - . + x . > % x x + ~  **ag2:3:: 
C T f j f  5 Pa7DGRA% TAKES THE M E A S U R E D  A:3S(3146APJCE t:F Tkt%P 3- 8 I T i \ J <  P 

C * i i ' ~ t t i E 5  AND CALCULATES t f T H E  V A R f  r4hiCz.S FGi? S 3CV <'i U i  bt%:;':.i?::{-: 3. 

C 4hD 2 )  THE F A C T O R S  TO BE Pi-DTTED AGAl%S1F THt-  +~E:II\T I f:C 3 i * t ,  i lf i i- 

C & PRflGRA34 . ~ i a t S O  PHOSSUCES A P F Q Y T f R  TJWfPU'T TAPE 3;*ikS!-";5", 3t-i i\i t i - U  :< 

C O TMk GALCaMSt PE07TEK T;3 O P T R I h  THE Pbi fT  O F  V E M F  V-r,, Gll.1.11 'I T P h i ;  I ; C - -  -- '* - 
C 8 Tr_lRo THE PRDGRAM A L S O  P R O U U C E S  A PtlYCHEl.3 CARi.3 U t f l  b1t17 I > ,  Ti+*: i ili<-- * 
c MAT n ~ a u ~ ~ f ; ~  B Y  THE C S K X ~ ~ P   PROGRAM^ THE AOSUPHANC i s  , a ~ r , i t - i  n ~ i -  .., 
C * PUNCHED 8JUT A R E  C G R R E C T E D  TO A STAMDAFI13 DPSK itsE~Xi.$i?T i:F *: i;~ <:i:Ai.Gj,- :: 
C % f t ~ ~ ~ % ~ ~ ~ $ ~ * * 4 1 8 ~ * 8 B * ~ * 4 Z 3 * a ~ t t i * * * ~ 8 ; ~ 8 * 8 * * ~ * ~ * * * % ~ ~ + $ * ~ ~ ~ $ . * . ~ 2 ~ * % ~ % + ~ $ % c % ~ < ~ : $ + ~  

e 
C 
C 

* * * * * * * ~ * * * * * * * * ~ * ~ * * C * * * S Q * * * * * * * * * * * * * ~ * * ~ * * * \ ~ * ~ * * * ~ ~ ~ * ~ ~ ~ ~ ~ - * ~ * ~ ~ ~ & * ~ ~ ~ ~ . ~  

C * >;' 

C T H E  F I R S T  V A L U E  OF 5 T D E A S  WHICH I S  R E A D  B W I U  S T O Y I  Gt: I S  A TCST $. 

G V A L U E  WHICH DETERMINES LHE'TWEH THE Pf-3nGRP.Y WANDLEY TSilt Ihg'U'f V&-- F 

C 8 UES A S  ASSORBANCES OH AS TRWhSMEITAMCESo THE VALUI5 Jf S T * - ' E l A 5 <  1 : <- 
C SHOULD NEVER BE SET EQUAL T 3  ZEROc % 

C 41 >:: 

C * * * C * $ * f  9%*~**%#E*4%kQ*4Srt***~+***%*+8t*%+*****~**~%*~k~X~*%~%%sX~~*~~~::~!.% 

C 
C +~%P~&*&~8~*&*~+4***8$9.S*8*+**9*%*****S****%$+*%%$*+&$~%~#~$~~~$:~$$:$c-k%* 

C * 3 '  

C & PT I S  NECESSARY TJ3 H A Y E  THE XPlBEXlrjG N U M B E R S  OF VI-:i:? t'F:I(?TftJfhl. $ 

t * DL S K S  MATCHED gdEFf-1 TFJCISF IJF T H E  HEATED OX S K S ,  THT 5 Si  :131~L U hi!: * 
C * DONE B Y  P U f a f N G  THE APPROPIATE NUMMfi2 UF LERK? C A R t S  1fiiTTf %kif $ 

C 4 C A T A  DECK AT T H E  P f r S P T f O N  CORRESPDNDING T 8  T H 2  UNtalAICP?tt'= f A k i > a  t 

C * 9 
C **4~~*4*4**t*l&*&*****$:*****I*-rl:***J2r********~**~************~F4~~*~*~****+% 
C 
C 

1 DEWE&SIUN BUF $20003 
2 D I M E N S T O N  Y l 4 2 8 3 o Y 2 f 2 Q b ~ Y 3 Q 2 0 ~ v Y 4 ~ 2 I f ~ ~ Y i 5 ~ 2 O ~ ~ Y ~ i 2 O ) ~ V 7 ~ 2 U ~ ~ Y ~ ~ ( 2 ~ ~ ) s  

IY9I20$oXC2U%sYt400) 
3 D I Y E N S f E f r  STDBAASdSUs25) oPEAKHT450v2Sl o B A S T I r v l < 5 Q 0 2 5 )  Q T  9PriEhf f 5r\u,F>)Q 

1TIMfC503 p T I M E I T B 5 O b  ~ S ~ ~ M A U S ~ ~ ~ ~ ~ S % D A ~ S ~ ~ O Q ~ . ~ ~ ~ A B S S ' T L ~ ~ ~ ~ ~ ~ ~ A Y F ~ ~ ~ ~ ~ ~ I ~ ; ~ ~ )  
2 ~ S T 0 D E V 4 5 0 8  q f  H W E A B t 5 0 a 2 5 5  oPLOTFAt5002fs~ ~ V A R X A N ~ ~ D ~ ~ B & ' < E & T ~ ~ O ] ~  T E 4 1  
3(10)oNUb$DE2d%O) vNUMk4EB$ L O ~ Z ~ N U I ~ A N ~ . ~ , ~ O ~ ~ N U % B A ~ ~  1 0 1 9  IRUWt 1 ~ ) )  

4 300 F O P P A T C ~ F ~ - S ~ ~ F ? ~ ~ )  
5 1 0 1  F D R M A T % ~ F € J ~ ~ ~ ~ ~ X Y F B ~ ~ )  
6 103 F O R M A f % f 5 s b 5 o I 5 9 1 5 o F 6 5 k l  
7 110 F08MAT(9F5031 
10 l l f  FORNATi9F7c3) 
l i  $.2Q F O R M A T ~ Q F S O J ~ F B O E D F ~ ~ ~ )  
f2 121 F O R H ~ ~ ? ~ S F ~ ~ ~ ~ F S O % D E B ~ ~ )  
13 1 4 1  F Q R M A T 4 5 X o X 3 c  ~ O X D F B D ~ )  
f 4 142 FBRPATD BHld/P//33Xa23MTHESE ARE THE VART ANCES/j 
15 143 FURMAT/TXV%HNQ?X~SHVARIANCEJJ~ 
1 6  144 FC&MAP133Xo24HFQR KINETIC R U N  hUMBkR ~8593H-A-//) 
17 150 F Q R M A T % Q E % O o S n F 6 o  b b 
20 1 5 1  F Q A M A f i 5 X v X 3 n J X p 9 k F 7 0 3 ~ 4 X b  vFd013 
2 1 252 I=QRMA'%( 2Ht664lcbXp5SIJFHESE A R E  T H E  PkQ-8-T I M G  f ACTORS F i 3 2  K TjGEIP:C G?iJf< 

1 NUMBER o 4 5 ~ 3 H - A - d f )  
2 2  t5.3 Faf;FAaT ~ X . B . ~ - I N . ~ ~ ~ ~ ~ H ~ O O O ~ ~ ~ X ~ ~ . ' ~ I L T O O  0 5 ~ B 4 r i  I ~ ~ O ~ F - , X . B P ~ H I . ~ I  i C ' , : > x o  ~ H I P ~ O -  +X 



t , 4 h 1 1 1 5 g t X  ~ S H ~ ~ ~ ~ ~ X D ~ H ~ ~ U ~ ~ X ~ ~ H ~ ~ O Y ~ X O ~ ~ T X P ~ E / / I  
23 154 FORMAT i 2 7 x 9  1SnTHE TEMPERATURE I S  ~ F 6 a  I / /  1 
2 4  5 FOPCATtIHX2 
2 E  6 6 0  FGFWATfXOXsF8e5) 

13 0 
C 
C 4*9&&438%98**8+*&*t8S***9&%+S**t4****r4*B*%*%***%**%&%*****%$+********** 
C * * 
C * A b C D A T  IS A P A R T  GF T h E  F R G G R A M  ~i4ZGk- i  A l L O I S  YhE H A N D L I N G  O F  SUC * 
C & CESSIVE S E T S  OF DATA WHICH WERE O B T A I N E D  %N DIFFERENT R U N S ,  I T  I S  * 
C * SIMPLY THE hUWBER G F  SETS @F DATA W H P C h  ARE T O  BE ANALYZEUS * 
C * t 
C 8a***t*t4t*********8iP*t8*;6+9r*****4:Ij.*%+t***+$**+******8****%**%**$***** 

C 
2 e  hU#@AT= P 
27 DO 300% HMM=I okUMDAT 
to k ' R I T E 4 h p S )  

C 
C *$4*9*******48+**1*;Ilr*f9*4*t**t**4*%-&@8*8**************************%**** 

4 t 

s NUPkET ES THE NUMBER DF DXSKS HEAVED EN THE K I N E T I C  R U R o  * 
* * 
8093**+$$#***$*@*1*****43*3**8*****8*4:t8**$*************&****+******$*S 

St******&**&&t*f***47P:******;**t*********************~******************* 

* KURBAh IS TWk NUMBER GF BARDS WHGSE AESORBAMEES MERE F O t L O h E D  * 
* * 
%*4**&$&***t&*8*4t**ea*t*+*+g;~******+*****9******+***e***************$* 

*f*t&**l*t**t9$&%*%**4(%9*S*4:*4Ip:**$:;Ir**$8C**C***$*****S**********%*$**$** 

t * 
* hUWDIS LS THE O R l G f  h A L  &UMBER O F  DISKS * 
* * 
t*8a*t8*+18&*8t***88*8e4(*t-9L8**%Jpr$:*9%9*Q4**$**************#%*s******+*** 



E 4 50 IFiSTDBASif + %  )*GToPEAKHTZlp13 3 60 T O  6 0  
57 51 I F ~ Z T D E A S ~ ~ D ~ ~ ~ L ~ ~ P E A K W T ~ I ~ ~ ~ ~  GQ TU dO 
62 60 DO E 5  K=I*hUMBWN 
e.3 DQ 65 h=ZsWUMBfS 
t 4  IF(STO&A5eNpK)-PEAKWPgh*K33 5 2 9 6 2 p 6 4  
k55 62 SVGABSCNsK$=O,O 
E E  GG TC 84 
67 64 S T O B A S $ & , K S = A t C G & O %  ~ P ~ O I ' ~ T D B A S < ~ ~ P K ~  3 
7 8  PEAKHT4hoU3=ALOGlO4 f IOO/PEAKHT~ & O K )  1 
7 l 65 S T U A B S < ~ S K ) = P E A K H T ~ ~ U ~ K ~ - S T D B A S [ N ~ K ~  
7 4  69 C C j R l i h t E  - r 5 70 00 75 K=1 shUMBAbi 
76 DQ 7 5  R = l  oNUNHET 
-67 I F ~ E A S T I H I M ~ K ~ - ~ I M E H ~ ~ W P K ~ ~  71971972 

1 C C  71 T P M f A S t & r K ) = O o O  
101 GCi TO '75 
$02 72 B A S T I M ~ ~ ~ K ) = A L D G S O ~ ~ ~ O O / B A S T I M < N P K ~ O  
103 T I M E H T ~ ~ ~ K ) = A L O G S O ( S D O O / T ~ ) J ! E H T I N ~ K ~ ~  
104 74 T I W E A B i ~ o K 1 = T I M E H T ~ N s K ) - E A S T I M ~ N o K ~  
105 35 CQIcTINtjE 
110 GO TO 2EO 
1 1 1  80 DO f 5  K=loNUMBAN 
I12 DO €5 h=&oNUMOIS 
113 IFiPEAKtiTiKsK)-STDBAS1[h9K33 82982984 
114 82 STOABZd&,K3=O*O 
1 Z 5  GO T O  85 
1 5 6  84 STCABSI~~K)=PEAKHTINBK)-STO~ASCNIDKB 
I f 7  85 CUkTINL;E 
122 DO 96 K=lsbWMBA& 
125 DO S 6  h=feNUNHET 
124 I F I + I P E H T & N P K ) - B A S T I W ~ . N ~ K ) )  92992994 
125 92 fI*EABlhsK3=OaO 
12C GO T O  S6 
127 94 T I M E A B ~ N P K ~ = + I M E H T ( N ~ ) C ~ - B A S V I P ~ ~ N ~ K ~  
13 0 96 COhTI t r l fE  

c 
C 
c---- UE Nth EEGIN THE PROCESS OF CALCULATING THE VARIANCES Of T h C  MkASLJUEU 
c-...------- BAhDS f N  THE ORIGINAL UkHEATED DXSKSaUSZNG THE FORMULA VARIANCE == 
c------ £SbMMATION<IX-XtAVERAGEb3rlSQUAREOjB/i.N-l$ 

C 
C 

113 iS5 FORKAT9 &HlddllJ10Xs33HTHESE A R E  THE A V E R A G E  ABSORBANCf--S/'I 0x9 281iFOR 
1 OfSKS OF o2OOOOG WEIGHTS//) 

134 200 WRITEQds155J 
135 201 DO 12CO K=Z *NUMBAN 
136- SU#ABS<K)=OeO0 
P37 250 00 90CO h=loNOMOTS 
14C I F f  ITDABS<NsKBoEOeOo0) GO T O  1000 
143 260 A I 3 C , C , T C I R 3 = S ' T D A B S ~ N ~ K ~ 1 ) . 0 ~ 2 O / B A S E 1 6 i i \ I 3  

C 
c 
c-----.-.-- WE H A V E  N U U  C A t C U Q A f O  THE ABSORBANCE WHICH T H I S  D I S K .  WDULij HAVE 
e;----- HAD IF THE DESK H A D  WEIGHED 0w28600  GRAMS,  



C 
C 

144 S U K A U S f  K)=SUWA8SQK)+At :SSTEi  t y 3  
14f l O C O  COhYIRbE 
147 HhL&BI=kL:GD IS  
f E C  1610 AkEB3SGK$~~$LMBt3S<K) fH1 l i tJE?t ;D I  
f E l  kRI3EttpI603 Wb E A U S 4 M S  
152 La20 S T L C ~ L ( K ) = O B U O  
153 1030 1312 IllEC h=lmNtWDS5 
154 1040 S T C C E L 4 K ) = S f D D E V t K f f  f tABS(ABS5TdSl k f  3 ! - t A S S { A V E A E 5 : 5 % K i  i i1;&*2 
L E E  t l Q O  C C A T k A t E  
ZZ7 % a 2 0  V A R I A A ~ ~ ) = S T D D E ' V ~ # J B ~ ~ + ~ ; ~ ~ M ~ ~ I - I D O D )  
1 6 C  1 2 0 0  COhllhtE 

C 
c 
c------ L E  biU% CALCULATE TkIE FL-OTTIINE FAFTtJRS FC?R f t-tE F Fi ldSt  Ili2i3L:-! RtZfir, b iC:!d 

C 
C 

162 1210 CIO 14GG K = l  rkCWBAh 
152 7000 FCFCATCIS) 

1@ 4 W R S T E . L 7 s 7 0 8 0 )  K 
I C E  1 2 1 %  Dbi 33C0 R ~ ' i o N t i M H E T  
6 I221 IF(TIPEAE (h+K ? - O * O )  1 2 2 2 ~ 1 2 2 2 q 1 2 4 - A  
107 2222 PtCTFAdhrK)=OcO 
f 7 C  I223 GG T O  I k E Q  

C 
C 4 r ~ & 1 8 & 4 # ~ 8 P 8 ; & ~ ~ + * ~ $ * ~ % ~ ~ 3 i ~ * * * ~ ~ * % 8 - t + S * * & % S 9 * * 8 9 8 * * * $ * * * + 2 ~ ~ $  ;:-%$.:t.t.:&%t 2% 

C 8 
C B HF Ti-E AESCRBANCES O F  THE OKIGZkAh DESkSfSTGAO5lNcK)) A i t <  
6 A V A l L A B L E 9  USE THE CARD W I T H  A U&E I N  COLUIflN 7 t s e  1 F  7'tltZ.Y ARK k 

C * I \CT A V A E k A E t E o  USE fhE CARD kPVH A TUU EN CCitt t lui i4 7 G c  
6: * 
C *+8XS8*$** *&& t 8 ~ ~ 4 * B ; r ( 1 ? ( ~ ~ ~ 9 9 8 ~ 9 - 8 ( ~ ~ ~ ~ ~ 4 ~ ~ ~ 9 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ & ~ ~ & ~ ~ ~ 4  &x-&+:: =. 

c 
171  124G P t C B F A ( h ~ K ) = A L C G ~ O i S T B r 1 4 6 5 ~ ~ p I : ~ ~ ~ f : b F E i s S i s S I C f d ~ ~ ~ ~ ~ M E A ~ ~ ~ ~ ~ ~ ~ ~ ) % ~ ~ A ~ ~ E L ~ ~  t i%) 1 j 

C1240 P L O ' I F W = A ~ _ O G ~ ~ ~ ~ A V E A U S ( M ) S ' T H M E % P ' T I N ~ K ~ ~ / ~ T ~ ~ ~ ~ E A U ~  N s K t * t  Oio2001~13) Z 3 
C 
C 3f~$*~9~9~~&~**~**8~91~+*888S~*8*%JpE4t8***Igt********%**3F***%*<-*4 % + @ ~ + < * 5 $  .$ 

h 8 

C -s: THXS S E C f I C h  CALCULATES TOjE CCjIERECTED kBl5l3f?tl3ANddT.~ A i d 0  C % i j l r h j ~  : :, 
C 8 W Ptih.'CHED CARD CILIIPIIT EN THE F'GRM RRlrLOUlbiED B Y  PHi' L ,Crl<IN% ' r l . r ? ~ r i ; , ? ~ l e  

C * 
C ***************S*************%~***~&*%******~k4*%******~%-*-*~-&~* 
c 

132 1250 XYZ:TdPkPk3l h a K ) f  4 0 a 2 0 / T E S E k i k i T g 1 h f  1 
173 7001 FOfiftcAf1E 1 1 0 * 5 9 l Q X o E % O o 5 3  
2 7 4  k R I T E 4 7 9 7 0 0 1 3  + I M E i h ) *  X V Z  
175 f3OO CChTZhtE  
a77 l4OC C O k T I P L E  
201 156 FaRPsATC I&iP////IOX,k22MTHESE ARf.. TF?b RAW D P ' r ' A J I ' j  
202 kRITEC&pP56) 
ZGZ PB%F DO 1 5 C 1  h = % o h L M D I S  
204 1500 ~ ~ H I T E ~ ~ ~ X ~ B I  % STDBAS~N. I ,.srra~~l?sgi-i,:?).s~r~s.tasei..i, =r).srrjr,lit:;-,sqh5 $1  I I , I $ I ~  

1 S ~ N ~ 5 ) ~ b T O d P \ S ~ N ~ 6 ~ s S T r i ~ t 4 S t h ~ 7 ~ ~ 5 T U l - i A b ~ N ~ B ~ ~ S % ~ > t 3 A ' ~ ~ f \ i ~ ' 3 ~ r r l i ! ~ t  s " F i b  

l C E  2501 C&ATlhCE 



2 C 7  159% DC 1 0 & 1  k = i ~ & t M D l S  13 3 
2 20 8 6 O O  irrR185fBsZ 1 I 3  CJEAKHTfkp13 oPEAKHTCf.io23pPEAKHTfMp3)sPEAK1-iVIM9it ) y P E A K i - ?  

% ~ ~ ~ ~ ~ ) ~ P & A K H T ~ N ~ ~ ~ ~ P E A K H P ~ : ~ ~ ~ ~ P ~ : ~ A K H T ~ N T B ~ ~ P E A K ~ ~ T < N ~ ~ ~  
2 1 1  1601 CGhSlhbE 
I 365% DL g a c l  R - - P  SRLMHEI 
2 14 2700  WHIVEfQol123 EASTISfhol) p 3 A J T f M I k p 2 3  o B A S T I i M C N 9 3 ~ 9 B A S ~ ~ X P < ~ 9 4 ~  v t 3 A S I  i 

I M f  ~ \ P S ) ~ B A $ T L M ~ M ~ ~ ~ ~ ~ A ~ P P M ~ ~ \ ~ V ~ ~ O ~ A ~ T  ~ M ~ P ~ ~ ~ ~ I ~ B A S T I M ~ P ~ Q ~ ~ ~ - ~ X ~ E ~ ~ ~ ~  d' l f f i '  
; Z E h T g & )  

1 1901  CCRTIRLE 
2 1794 DC IaCP h - = i - A b M H E f  
220 l8OO kRITEtdo1313 TIMEHTINpf 3 ~ T I M E H T ( N O ~ ~ ~ T ~ M E H T ( N ~ ~ ~ P T I M E H T ~ N ~ ~ ) S T I & $ E H  

~ + ~ ~ ~ S ) S % I M E H T ~ N ~ ~ ~ O T I M E H ' ~ I ~ ~ ' V ~ ~ S T I M E H T ~ W ~ ~ ) S T I ~ E H T ~ N ~ ~ ~  
22% 1801 CChTlhtE 
222 fEO FGR#ATClHl//b//15XoZ5ttTHESE ARE THE ABSOREANCES//) 
224 &RTTEIBp180J 
2 3050 DO ZOCC R ~ ~ P ~ U M U I S  
P2e &RITE(hslOf f STDABSfNtlf ~ S T C A B S ~ N ~ ~ ~ O S T O A E S ~ N ~ ~ ~ P S T E ~ A ~ ~ S ~ N ~ ~ ~ ~ S T D A ~ ~  

~ S ~ ~ ~ ~ ) ~ S ~ D A B S ~ N ~ ~ ~ ~ S T D A B S ~ ~ ~ ~ ~ ~ ~ S T ~ ~ A B S ~ N ~ ~ ~ ~ S T D A B S < N ~ ~ ~ ~ S B A ~ E W ~ ~ ~ ~ ~  
257 3060 COhTZhbE 
LL 1 190 F U R C A T 4 / / / / )  
22 S C R X f E i 6 ~ 1 9 0 )  
233 3070 00 3 C E O  h=loNGMHET 
2-34 M R I T E 4 6 ~ 1 2 1 1  T I M E A B ~ N S ~ ) ~ T I M E A H I N P ~ ~ S T I M E A ~ ~ ~ N O ~ ~ ~ T ~ ~ P ~ E A ~ ~ ~ P ~ ~ ~ & ~ ~ ~ ~ X M E A  

~ ~ & A + ~ B ~ T I M E A U < N ~ ~ ~ D T ~ M E A ~ ( N P ~ ~  o f  I M E A - L ~ ~ N P ~ ) ~ T ~ M E A B ~ N ~ ~ ~ ~ * - ~ I M ~ ~ N ~ ~ T I M  
2 E C ' f ( h )  

235 3080 CChTIhUE 
239 1847 SRITE16.142j 
S 4 C  WRIiEIds144) TRUNiM3 
5 4 1  1898 bRITE16ol433 
4 2  1899 DO 1901 &=&.NUMBAN 
243 1900 WRITE46rl4t 1 haVARIANCN3 
244 1901 COhTI&UE 
2 4 e  1997 waxrEra,152a ~ R U N C M )  
247 1999 WHIiE16.3543 TEMP 
2 5 0  1998 kHITE6Sr153l 
551 DO 20GO h=l oNUMt4ET 
2 E 2  2000 kHITE66slSf 2 & ~ P C U I F A C N ~ ~ S ~ P ~ G T F A ~ N O ~ ~ ~ P ~ - D T F A ~ N V ~ ~ ~ P L ~ ~ T F A ~ ~ ~ ~ ~ ~ ~ P L ~  

L T F A ~ N D S J ~ P A O T F A I N P ~ )  s P L O T F A { N o 7 )  O P L O T F A < N P B ~ ~ P L O T F A $ N ~ ~ ~ ~ T I M ~ ~ N ~  
c 8*t44&*9tf9@&*9%*$8***li***B**;8;?k9f****8*9************%****%****%*** 
C *ME NOW CHECK FDR AND REMCVE ANY ROU WHERE TIME411 = 090 AND 
C * DLOTFA4PvlP = 0 * 0  t 
C * * * * * 8 t * + S + S t 9 * * % * ~ * ~ * f * f * * * t 3 ( * * * * 4 : * * * * * * * * * * * * * * * * * * * * * * * * * * * * ~ * * *  

25 4 X = l  
5 5 %  &= h.CJbS).afT 
2 2002 CDtvTiMUE 
257 ZF1TIHEi11-0e b 2 0 4 0 r 2 0 0 5 ~ 2 0 4 0  
SbC 2005 IF4 FLOTFACL ~ 3 . 3 - 0 o  3 2 0 4 0 9 2 0 4 0  
E d 1  2015 N=N-1 
2 € 2  IF4 1-RP202532Q25~2050 
2 2025 DO 5035 #=I * N  
2rS4 f f % E f W ) =  T F M E I M i 1 )  
P f  E DO 2035 K=lp9 
266 PLOfFAiMoK3" PLOTFAfM+asKI 
267 2035 CGRPLMtE 
57  2 GU TD 2682 



273 2040 1 = 1 + 1  
274 I F (  1 - R )  i Q O L s 2 U 0 2 ~ 2 Q 5 0  
2 3 5  20SC C G k V l h C k  
5 3  C &RSTEtE9152P IRUkil) 
if 7 &HIiE46*%544 TEMP 

13 4 

96 C BRlfEt6slS33 
eca  oa 2u;o 1 - i  ,n 
302 k ! ? E T E ( 6 ; 9 l f ; % l  I ~ P L L T F A ~ ~ ~ I B B P L C T F A ~ X ~ Z ~ ; ~ P I  t l T F A d  1 ~ 3 a , ~ t : ~ F F r Z i : L ~ 4 9 o P ~ i . - 2  

~ T F A ~ I ~ ~ ~ ~ P ~ C T F A ~ ~ ~ ~ ~ O ~ L O ~ ~ F A ~ I P ~ ~ Q F L - O T I ~ A ( ~ ~ ~ ~ ~ P L O T F A ~  X + ? J j ~ T . E & ? E t 4 1  
c 2020 CUhTlhLE 

C 8*8*ggS*+** *S3** *8*9* *8%*9*8*#4* .Pr1* *%4:32**%** * * * * * * * * * *S*%*$**+* * *+*  
C * kE N G k  C U N V E R T  THE CCLUWNS tlF Pt.OTFA I N T O  f HE L I M E A H  ARRAYS * 
c & Y I O  YS,  - - - yg, EACH ARRAY REPRESENTS THE P L ~ T  F A C T U ~ S  :g 

C & CF ChE BAND * 
C Sf+*04****t*******4* I*Q*i t t*%r**************************************  

3 C 9  00 2055 I = 1 s N  
3C-f X i I ) =  T X M E f I 3  
3 C 7  Y1II)= FLDTFAIIo13 
Z 1 C  Y 2 4 1 3 =  &tOTFA41?2) 
Z 1 L Y 3 %  I f =  FLDTFAII93) 
2 a2 Y4f I , )=  FLOTFA<I ~ 4 )  
2 23 V S f I ) =  F L O T F A f  l353 
T14 Y 6 g I ) =  FFQTFA4196) 
215 Y 7 1 I f =  CFOTFA(Is7) 
3 i f5  YE!II3= FLOTFA11s83 
Z Z 7  Y V f l ) =  F L ~ ~ T F A I I I ~ )  

C * *88*8Sf** * * * t8*&*99*84:* * ;dt * * * * * * * *E$. .5 (4** * * * * * * * * * * * * * * * * * * * . * *y6%** -% 

C % % E  NCC FQWM Y (  I %  A L I N E A R  ARRAY FRL3M PLGTFA A RECTANGUL-AR -# 

C 8 ARRPV V t  E) IS USED FClR SCALING TH& Y AXIS \k 

C @~~89~8$t1*8+8*8#***9r*t**;ir***9IpI*?Ec1(*8-fc*4:****~*************~&****~*~ 
c 
C 
C IF PfiOGRAW IS TO SCALE ITSELF r THEN U S E  CARDS W I T &  1 IN f i j i . t l fdN 

C 740 I F  FRQGRAMER 15 T 0  SCALE THE GfsAPtt HIMSELFo TtbEN U S E  CARDS 
C & I T E  2 Ih COLUMN 740 
C 
C 

220 t=i94 t t ' 0  
2 2  2 DU 2055 & = l o 9  a o 5 
t22 ti-= L+1-M A l C 
t25 Y ( L L f =  FLOTFAgIoM) 120 
554 2055 COhTKNLE 
2 2 7  CALL bLCTS(BUFe20001 
39 C CALL SCACE1Xo39~oNoloiOoO) E ct 2: 
EZ i &I\;=hS9 130 
2~ 2 CALL ZCPLECYo20e3Nhul 9100 3 1.35 

C 
c hl= N + l  2 1. Q 
C &2= W +i? 12;: u 
C %tNS1= 
C X ( N l  t =  2 3 0 
c vr la= 2 JS; D 
C Y ( i ) =  250  
6 
C t*4t*&+*&#8$+$$*8*S9***$:pd:9*a4*J?:*$.*8t***t*****+************>>t**:$ @**-k 
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ABSTRACT 

The behavior of malonic acid i n  various a l k a l i  hal ide  matrices 

upon appl ica t ion of heat has been investigated.  It was found t h a t  

the re  a r e  th ree  d i s t i n c t  types of behavior exhibited by malonic 

a c id  when it; i s  mixed with an a l k a l i  hal ide  s a l t ,  pressed i n t o  a 

p e l l e t  and the  p e l l e t  heated. These three  reactions a r e  characterized 

a s  follows : (9)  "normal" behavior, Log,, decarboxylation s f  the  

malonic acid t o  form ace t i c  acid and carbon dioxide; (2)  s a l t  foma-  

t i on ,  a  double decomposition react ion between the  malonic acid and 

the  a l k a l i  hal ide  used, r esu l t ing  i n  for*mation of malonate s a l t s ;  

( 3 )  s'anomalousg' behavior, t en t a t i ve ly  a t t r i bu t ed  t o  formation of a 

s o l i d  solut ion between malonic acid and the  a l k a l i  halide matrix used 

(observed only i n  the  CsCl arhd "anhydrous" NaBr matr ices) ,  

The f i r s t  of the  above mentioned reactions has been s tudied 

extensively i n  the  matrix, KBr, and p a r t i a l l y  i n  RbBr. F i r s t  order 

r a t e  constarats f o r  the  thermal deearboxylation of malonic acid i n  

KRr and ElbBr have been obtained and, i n  the  case of KBr, these  r a t e  

constants have been used t o  obtain act ivat ion parameters f o r  the 

thermal decarboxylatioa reaction.  The act ivat ion parameters obtained 

a r e  AH* - 2 5 e 7 +  - lkce l /mola .  AS# = 10.5 - + I  cal/deg. mole and 

G & ~ ~  = 30.0 _t 1 kcal/mole. No di f ference i n  t he  r a t e  of decarboxyla- 

t i o n  was noted between KRr and RbBr. 



A sectian of the disser tat ian i s  devoted t o  the assigmant of 

i d r a r e d  absorptian bands to fundanmntal modes of vibratians fo r  

the malanic acid molecule i n  s a l t  matrices. This assignment has 

bean f a c i l i t a t e d  by using a simplified symmetry treatment i n  which 

crystal l ine malo.nic acid i s  eo,nsidered t o  consist of two independent 

symmetry uni ts  , 
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